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EP2PLUS is a 3D hybrid simulation code designed to analyze the expansion of energetic
plasma plumes and its interaction with nearby objects, which is a subject of high interest.
Heavy species are treated with a particle-in-cell formulation while a fluid model is used for
electrons. The electron model is able to deal with moderate magnetic field but the momentum
equation is closed with a polytropic relation for the electron temperature. This is inadequate for
magnetized, mildly collisional regions of the plume. This paper presents work in progress to
add the electron energy equation to the model with a Fourier’s closure law for the heat flux. An
example with a magnetically-guided plume shows the differences between the two approaches.

I. Introduction

Electric thrusters produce high-energy plasma plumes, which are important in completing the thrust generation
process but they lead to potentially damaging interaction (electric charging and mechanical erosion/contamination) with
surrounding surfaces (solar arrays, equipment, antennas...) [1, 2]. Nonetheless, on the other end, plasma plumes have
also been proposed as part of an attractive deorbiting technique for space debris [3, 4].
The characterization of plasma thruster plumes is challenging due to their rarefied conditions (away from local

thermodynamic equilibrium) and the huge difference between the dynamics of the heavy/accelerated ions and the
light/confined electrons. Plasma plumes of Gridded Ion Thrusters (GITs) are unmagnetized, but those of Hall Effect
Thrusters (HETs) and Electrodeless Plasma Thrusters (EPTs) are magnetized for electrons, leading to highly anisotropic
(and complex) dynamics for them [5, 6]. In addition and in spite of thruster channels being usually axisymmetric, plasma
plumes are often 3D due to the presence of lateral cathodes as neutralizers (as in GITs and HETs), thrust vectoring
elements [7], other surrounding surfaces, or just the presence of the uniform geomagnetic field [8].
Numerical modeling of plasma plumes can be either kinetic, fluid or hybrid. Currently, even in the context of

massive computing, hybrid modeling is the best trade-off between physical reliability and detailed results in 2D and 3D
scenarios. Reference [3] presents EP2PLUS, a 3D hybrid code for plasma plumes, which adopts a particle-in-cell (PIC)
formulation for heavy species and a magnetized fluid formulation for electrons. It was originally created to simulate
quasineutral, current-free plumes, and their interaction with surrounding objects and surfaces [4]. Recently EP2PLUS
has been used to determine: the 3D structure of an initially axisymmetric plume under the influence of an oblique
geomagnetic field [8]; the 3D neutralizer effects in a HET plume [9]; and the neutralization of electric charge and
current in a GIT plume [10].
The most challenging part in EP2PLUS and other hybrid codes [11, 12] is the fluid model for magnetized electrons.

In the weakly-collisional scenario, there are uncertainties in central terms of the fluid equations, such as the pressure
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tensor and the heat flux vector. Besides, high-frequency instabilities introduce ‘anomalous’ terms in the slow-dynamics
equations for electron transport [13–15].
EP2PLUS assumes an isotropic pressure tensor and introduces wave-based anomalous transport empirically as an

additional collisional effect, which is within the state-of-art. The main limitation of the code is to avoid the energy
equation by closing the set of fluid equations with a polytropic state law for the pressure (i.e. the temperature), which
implies that the plume cools down proportionally to its rarefaction. There exists partial empirical validation of this
polytropic closure in far plumes, preferably unmagnetized [12].
However, that closure is not expected to apply in near-plumes, where collisional, electric, and magnetic events are

relevant. This is for instance the case of the very active near-plume of a HET. This has been demonstrated in Ref. [9]
where EP2PLUS 3D polytropic simulations were compared against a 2D code considering the full energy balance.
EP2PLUS was very satisfactory in reproducing the 3D ion and electron currents developing in the HET near plume but
yielded erroneous temperature and electric potential maps.
This paper reports on the advances in implementing a full electron energy equation to EP2PLUS within the electron

model. Thus, the model is closed at the level of the heat flux vector, where an anisotropic Fourier´s diffusive law is
proposed, as suggested by both kinetic and experimental studies for non-equilibrium thermodynamic conditions [16–18].
The paper is structured as follows. Section II describes the hybrid model in EP2PLUS, with detailed insight into

its 3D electron fluid model and its numerical treatment. Section III.A discusses the simulation setup. Section III.B
discusses the simulation results with focus on the energy balance outputs and the consistency of the implementation.
Section IV summarizes the conclusions and outlines future works.

II. The full electron fluid model
The code EP2PLUS is presented with much detail in Ref. [3] and features two main modules, the Ion one with

the PIC formulation for all heavy species and the Electron one with the fluid formulation. The two modules are run
sequentially and the same spatial mesh is used for the two modules, which avoids interpolation errors on plasma
magnitudes. In the following, however, only the extended fluid model is described.
The set of fluid equations for electrons in a quasineutral plume is

𝑛𝑒 =
∑︁
𝑠

𝑍𝑠𝑛𝑠 (1)

∇ · 𝒋𝑒 = −∇ · 𝒋𝑖 + 𝑆𝑐, (2)

𝒋𝑒 = ¯̀̄𝑒 · (−𝑒𝑛𝑒∇𝜙 + ∇𝑝𝑒 − 𝑭𝑐ℎ) , (3)

∇ · 𝑷′′
𝑒 = 𝒋𝑒 · 𝑬 +𝑄𝑐 −

3
2
𝜕𝑝𝑒

𝜕𝑡
. (4)

𝑷′′
𝑒 =

5
2
𝑇𝑒𝑛𝑒

(
𝒖𝑒 − ¯̀̄𝑒 · ∇(𝑇𝑒/𝑒)

)
. (5)

Equation (1) is the quasineutrality condition for the electron density 𝑛𝑒. In the right side, 𝑠 represents each of the
heavy species with charge number 𝑍𝑠. The Ion module of the code provides the species density 𝑛𝑠, the particle flux
𝒈𝑠 ≡ 𝑛𝑠𝒖𝑠 , and other higher-order magnitudes. Equation (2) is the current conservation equation, where 𝒋𝑒 = −𝑒𝑛𝑒𝒖𝑒

and 𝒋𝑖 =
∑

𝑠 𝑒𝑍𝑠𝒈𝑠 are the electron and ion current densities, and 𝑆𝑐 represents any volumetric source of electric current
(such as the cathode electron source in some HET models [19]).
Equation (3) is the Ohm’s law, obtained from the inertialess limit of the electron momentum equation. There, 𝜙 is

the electric potential, 𝑝𝑒 = 𝑛𝑒𝑇𝑒 is the electron scalar pressure, and

¯̀̄𝑒 = `𝑒
©«

1 𝜒𝑏𝑧 −𝜒𝑏𝑦
−𝜒𝑏𝑧 1 𝜒𝑏𝑥
𝜒𝑏𝑦 −𝜒𝑏𝑥 1

ª®¬
−1

(6)

is the mobility tensor, with `𝑒 = 𝑒/𝑚𝑒a𝑒 the scalar mobility, 𝜒 = 𝜔𝑐𝑒/a𝑒 ≡ 𝐵`𝑒 the Hall parameter (𝜔𝑐𝑒 = 𝑒𝐵/𝑚𝑒

is the electron gyrofrequency), and (𝑏𝑥 , 𝑏𝑦 , 𝑏𝑧) = 𝑩/𝐵 ≡ 1∥ the magnetic unit vector in the Cartesian reference
frame. The collisional force on electrons with heavy species is expressed, in the electron momentum equation, as
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𝑭𝑐 = −𝑚𝑒𝑛𝑒
∑

𝑠 a𝑒𝑠 (𝒖𝑒 − 𝒖𝑠) with a𝑒𝑠 the corresponding collision frequencies with heavy species 𝑠. This gives rise to
the term 𝑭𝑐ℎ = 𝑚𝑒𝑛𝑒

∑
𝑠 a𝑒𝑠𝒖𝑠 in Eq. (3). The total collision frequency in this equation is

a𝑒 =
∑︁
𝑠

a𝑒𝑠 + 𝛼𝑎𝜔𝑐𝑒 (7)

where the last term corresponds to the wave-based anomalous transport, with 𝛼𝑎 a fitting parameter.
Equation (4) is the energy equation in the inertialess limit for the energy flux vector 𝑷′′

𝑒 . The right side includes the
work of the electric field 𝑬 = −∇𝜙, the term 𝑄𝑐 accounting for collisional events, and the temporal derivative of the
electron energy density. Equation (5) closes the fluid model with a convective-diffusive closure for the energy flux
vector: in the right side, the first term is the enthalpy flux and the second term is the heat flux, which follows here
an anisotropic diffusive law. This Fourier-type closure is the 3rd-moment fluid equation and represents the chosen
alternative to the polytropic closure 2nd-moment fluid equation.

A. Boundary conditions

Since Eq. (1) yields the electron density, Eqs. (2)-(5) yield (𝜙, 𝒋𝑒) and (𝑇𝑒, 𝑷′′
𝑒 ). If 𝒏 is the outward normal to a

boundary point, conditions on 𝑗𝑛𝑒 ≡ −𝑒𝑛𝑒𝑢𝑛𝑒 = 𝒋𝑒 · 𝒏 and 𝑃′′
𝑛𝑒 = 𝑷′′

𝑒 · 𝒏 are needed (other variables along 𝒏 are defined
in the same way). If the plasma is quasineutral, boundary conditions are imposed at the sheath edge, and not directly at
the walls.
For a dielectric wall, let: 𝜙𝑊𝑄 = 𝜙𝑄 − 𝜙𝑊 be the sheath potential drop between Q and the wall point W; 𝛿𝑟 be the

fraction of primary electrons reflected back elastically at the wall; 𝛿𝑠 be the ratio between true secondary emission flux
from the wall and the primary electron flux to the wall; and 𝜎𝑟 𝑝 be the replenishment factor of the Maxwellian VDF tail
of collected primary electrons, equal to 1 for full replenishment. The zero-current condition

𝑗𝑛𝑒 = − 𝑗𝑛𝑖 (8)

yields the electron current desnity. Since the sheath solution states that

𝑗𝑛𝑒 = (1 − 𝛿𝑠) (1 − 𝛿𝑟 )𝜎𝑟 𝑝𝑒𝑛𝑒𝑄

√︄
𝑇𝑒𝑄

2𝜋𝑚𝑒

exp
(−𝑒𝜙𝑊𝑄

𝑇𝑒𝑄

)
. (9)

the potential fall in the sheath is obtained from

𝑒𝜙𝑊𝑄

𝑇𝑒𝑄
= ln

√︂
𝑚𝑖

2𝜋𝑚𝑒

+ ln[(1 − 𝛿𝑟 ) (1 − 𝛿𝑠)𝜎𝑟 𝑝] − ln
(

𝑗𝑛𝑖

𝑒𝑛𝑒𝑄

√︂
𝑚𝑖

𝑇𝑒𝑄

)
(10)

Finally, the electron energy flux at the sheath edge is

𝑃′′
𝑛𝑒𝑄 ≃ (− 𝑗𝑛𝑒)

[
2𝑇𝑒𝑄

𝑒(1 − 𝛿𝑠)
+ 𝜙𝑊𝑄

]
. (11)

For a metallic wall A driving a current 𝐼𝐴, the wall potential 𝜙𝐴 is constant and is obtained from the implicit integral
equation

𝐼𝐴(𝜙𝐴) =
∫
𝜕𝑆𝐵

𝑑𝑆[ 𝑗𝑛𝑖 + 𝑗𝑛𝑒 (𝜙𝐴)] (12)

with 𝑗𝑛𝑒 (𝜙𝐴) satisfying (9) (exchanging W and Q by A and B). The domain of the integral is the surface 𝜕𝑆𝐵 of the
sheath edge B of the wall, and we are assuming a normal sheath with 𝜙𝐴𝐵 = 𝜙𝐵 − 𝜙𝐴 > 0. The local electron energy
flux at B satisfies (11), again exchanging W and Q by A and B. For the range of energies in plasma thruster plumes, the
SEE of metallic surfaces is negligible; in fact we will take 𝛿𝑠 = 0 and 𝛿𝑟 = 0.
The plasma plume is considered current-free. For the present state of development of the model, boundary conditions

at the finite-size simulated plumes are local, and formally equivalent to a dielectric wall, or global, and formally
equivalent to a metallic wall driving no net current. This second alternative is more complex to implement but more
realistic both for a plume expansion into a vacuum chamber or in free space. In this second case, the ’sheath’ between
the simulated boundary and the ’wall’ can be interpreted as a ’downstream matching layer’ to infinity [20].
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B. Further discussion

Several important observations on the fluid model are worth before addressing the simulations. First, in a magnetized
scenario (i.e. 𝜒 ≫ 1), ¯̀̄𝑒 is highly anisotropic, and as a result, the derivatives along the magnetic lines, ∇∥ , yield

𝑒𝑛𝑒∇∥𝜙 ≈ 𝑇𝑒∇∥𝑛𝑒 ≫ 𝑛𝑒∇∥𝑇𝑒, `
−1
𝑒 𝑗 ∥𝑒 (13)

which hampers the numerical computation of the parallel current 𝑗 ∥𝑒, a subdominant term in Eq. (3). A proven way to
mitigate numerically this is the use of the thermalized potential [19, 21, 22]

Φ = 𝜙 − 𝑇𝑒

𝑒
ln

𝑛𝑒

𝑛0
, i.e. 𝑛𝑒 = 𝑛0 exp

(
𝑒
(𝜙 −Φ)

𝑇𝑒

)
, (14)

with 𝑛0 a convenient reference value; notice thatΦ also measures the deviation of the electric potential from a Boltzmann
relation. Then Eq. (3) becomes

𝒋𝑒 = ¯̀̄𝑒 ·
[
− 𝑒𝑛𝑒∇Φ − 𝑛𝑒

(
ln

𝑛𝑒

𝑛0
+ 1

)
∇𝑇𝑒 − 𝑭𝑐ℎ

]
, (15)

The first force of the right hand side (−𝑒𝑛𝑒∇Φ) is now the combination of the (opposed) electric and density-gradient
forces.
The second observation is that by applying − 𝒋𝑒 · ∇𝜙 = −∇ · 𝜙 𝒋𝑒 + 𝜙∇ · 𝒋𝑒 and using the current conservation

equation, the energy equation (4) can be expressed as

∇ · (𝑷′′
𝑒 − 𝑒𝜙𝑛𝑒𝒖𝑒) = (−∇ · 𝑗𝑖 + 𝑆𝑐)𝜙 +𝑄𝑐 −

3
2
𝜕𝑝𝑒

𝜕𝑡
. (16)

In the sourceless, stationary, collisionless limit (not unusual for plasma plumes) the right side is zero, implying that the
total electron energy (including the electric potential contribution) is conserved.
Third, this last equation allows us to unveil when the full electron model reduces to the polytropic closure used so

far in EP2PLUS. Two are the conditions to be satisfied: first, a sourceless, stationary, collisionless plume; and second, a
convective behavior of the heat flux vector instead of a diffusive one, that is

𝑷′′
𝑒 =

5
2
𝑇𝑒𝑛𝑒𝒖𝑒 + 𝛼𝑞𝑇𝑒𝑛𝑒𝒖𝑒 . (17)

instead of (5). Then, calling

𝛾 =
5 + 2𝛼𝑞

3 + 2𝛼𝑞

(18)

and after some algebra on the electron fluid equations, one gets a polytropic equation of state along the electron
streamlines,

(𝒖𝑒 · ∇) ln(𝑝𝑒/𝑛𝛾𝑒 ) = 0, (19)
which yields 𝑝𝑒/𝑛𝛾𝑒 =const if conditions are uniform upstream. Therefore, the polytropic closure requires, beyond no
collisions, different physics for the heat flux. It must be added that a convective behavior of the heat flux in collisionless
scenarios have been found in some collisionless scenarios [23, 24] although it could be limited to the component parallel
to a magnetic field [25, 26]. Indeed, a central difference between the heat flux in (17) and (5) is that the first one is
isotropic and the second one anisotropic.
In non neutral subregions of the plume, Eqs. (1) and (2) are substituted by

𝑛𝑒 = 𝑛𝑖 + (𝜖0/𝑒)∇2𝜙, (20)

∇ · 𝒋𝑒 = −∇ · 𝒋𝑖 + 𝑆𝑐 + 𝜕𝜌𝑒𝑙/𝜕𝑡, (21)
and a Poisson’s solver is needed for the first one. Ref. [3] explains how this is achieved in EP2PLUS.

C. Numerical treatment

The electron fluid equations are solved in a structured staggered mesh. The equations for current conservation
and electron energy are solved for 𝒋𝑒 and 𝑷′′

𝑒 applying a Finite Volumes Method on each cell. The equations relating
these two vector variables with the gradients of 𝜙 (or Φ) and 𝑇𝑒 are solved with a Finite Difference Method. This
discretization provides linear matrix relations for 𝜙 and 𝑇𝑒 at the cell centers and for the perpendicular components of
𝒋𝑒 and 𝑷′′

𝑒 at the cell faces centers.
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III. Numerical simulations

A. Physical and numerical setup

a) b) c)

Fig. 1 (a) Sketch of the source exit (at 𝑧 = 0), (b) employed mesh, and (c) magnetic field on the 𝑦 = 0 plane. The
injection and the dielectric surfaces are highlighted by respectively black and grey rectangles.

The test case simulated here consists of a magnetized quasineutral plume expansion. This scenario was already
simulated (with different physical and numerical setup) by the 2D axisymmetric code HYPHEN [12], featuring the full
energy equation, and also by the same EP2PLUS [27], with a polytropic closure.
Figure 1 shows the sketch of the simulated case. Panel (a)-(b) show the plume domain with the source exit located at

𝑧 = 0, consisting of a circular injector surface of radius 0.025m, surrounded by a dielectric surface. The simulated
domain is rectangular, with dimensions of 0.1x0.1m at 𝑧 = 0 and then it expands conically downstream, with dimensions
of 0.28x0.28m. The mesh used is Cartesian and non-uniform, with 20x20x20 cells, adapted to the conical domain. The
time step to advance ions is 5 · 10−7s and the total simulated time is 1ms.
The propellant is Xenon, and we inject a Xe+ and Xe flows of 4.5mg/s and 0.5mg/s, respectively, both following

Parks-Katz self-similar radial profiles [28]. The simulated species are the injected fast ions and slow neutrals, plus fast
neutrals and slow ions coming from charge exchange (CEX) collisions. Panel (c) shows the magnetic field, which is an
axially divergent magnetic field, a magnetic nozzle configuration, and with a maximum value of 300G. Anomalous
electron transport is included adding an anomalous collision frequency 𝛼𝑎𝜔𝑐𝑒 with 𝛼𝑎 = 0.1. Indeed, this makes this
phenomenon dominant and the Hall parameter is 𝜒 ≈ 𝛼−1

𝑎 , which has the advantage of controlling 𝜒 easily.
Some simplifications taken in the simulation and affecting Eq. 4 are the following: no inelastic collisions are

being simulated, so 𝑄𝑐 = 0; and, since a steady state solution is looked for, temporal derivatives of electron energy are
disregarded, so 𝜕𝑝𝑒/𝜕𝑡 = 0.
Finally, the boundary conditions have to be specified for this simulation case. At the dielectric walls, null local net

current conditions are considered, 𝑗𝑛𝑒 = − 𝑗𝑛𝑖 , while the heat flux is given by the sheath model described in Section II.A
with no SEE emission. At the injection surface, local current ambipolarity is assumed, together with a given temperature
profile starting from an assumed maximum 𝑇𝑒0 at the center of the injection surface (here 8eV) and with an exponential
decay (until values of 4.8eV at the injection surface edges). At the free loss surface, local current ambipolarity, and an
electron energy flux 𝑃′′

𝑛𝑒 = 𝑐𝑇𝑒𝑛𝑒𝑢𝑛𝑒 with 𝑐 = 4.5 are assumed. This ‘local’ condition does not provide a information
about the expansion to the infinity, but it is used for this test simulation since the ‘global’ condition is still being tested
in EP2PLUS. In any case, Reference [12] shows that ‘local’ condition is robust and give consistent results.
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Table 1 Simulation parameters.

Simulation parameters Units Values
PIC time-step s 5·10−7

Simulation duration s 1·10−3

Number of mesh cells - 20 × 20 × 20
Simulated species - Fast ions, slow neutrals (injection)

Slow ions, fast neutrals (CEX)
Injection surface radius m 0.025
Injection profiles - SSM

Ion injection mass flow mg/s 4.5
Ion injection velocity m/s 2800
Ion injection temperature eV 0.05
Neutral injection mass flow mg/s 0.5
Neutral injection velocity m/s 300
Neutral injection temperature eV 0.05

Electron injection maximum temperature eV 8.0
Anomalous transport coefficient 𝛼𝑎 - 0.1
Maximum magnetic field strength G 300

B. Simulation results

Figures 2 show the 2D maps on the 𝑦 = 0 plane, for the relevant plasma magnitudes. Panel (a) and (e) are outputs
from the PIC model, while the other panels are outputs of the fluid model. Panel (b) and (h) are outputs of the electron
energy balance.
The electron temperature [panel (b)] features a cooling, which is expected from the kinetic and experimental studies

[11, 18]. According to the Fourier’s law of heat flux with anisotropic conductivity tensor, the temperature gradient is
determined by the different electron mobility along and across the magnetic field [12]. Given the high mobility, the
temperature is nearly isothermal along the magnetic field decaying 0.5-1eV downstream within the simulated plume
extension. Given the low mobility, on the other hand, the decay is more noticeable across the magnetic field, about
3-4eV.
The plasma density [panel (a)] is maximum at the injection, about 1018m−3, and downstream it decays due to the

expansion. The electric potential [panel (c)] drop, which transforms the thermal energy of the plasma into kinetic
energy of ions, is approximately 50V, about 5 times the maximum electron temperature. Since unmagnetized, the ions
[panel (e)] detach inwardly from the magnetic lines as expected [29]. The electrons [panel (d)], on the other hand, are
confined and follow well the magnetic field lines. As result, the net current density [panel (f)] features no local current
ambipolarity (i.e. 𝚥 = 0) despite the fact that the plasma beam is current free [30]. The plasma azimuthal currents,
mainly due to the magnetized electrons [panel (g)], have a diamagnetic character, i.e. are opposite to the currents of the
magnetic circuit generating the applied magnetic field, and are responsible for the confinement and the generation of
magnetic thrust [31, 32]. Finally, the total energy flux [panel (h)] seems to follow well the electron current density
bearing a mean energy of about 𝑃𝑥𝑧𝑒/ 𝑗𝑥𝑧𝑒 ∼25-50eV in the main plume.
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a) b)

c) d)

e) f)

g) h)

Fig. 2 2D maps of the main plasma magnitudes at the 𝑦 = 0 plane.
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C. Comparison with polytropic closure

a) b)

Fig. 3 2D maps of the local polytropic coefficient at (left) 𝑦 = 0 and (right) 𝑧 = 0.025m.

Experimental [18, 33] and kinetic [25] studies suggest that a polytropic law, with a fitted polytropic coefficient,

𝛾 = 1 + ln𝑇𝑒/𝑇𝑒0
ln 𝑛𝑒/𝑛𝑒0

, (22)

matches well the electron cooling in the plume, being 𝑇𝑒0 and 𝑛𝑒0 referred to the thruster exit. Figure 3 shows the local
polytropic coefficient for the simulation case here in order to have an idea of the deviation of the electron temperature
here from EP2PLUS with the energy balance with respect to the polytropic one. Here, 𝛾 is not constant and its variation
determines the deviation from the polytropic solution. Interestingly, it seems constant along the magnetic field lines, and
varies across them, to values about 1.15-1.25 in the lateral plume. Thus, it seems to suggest that a polytropic closure
can be used along a magnetic line but with different values of the coefficient for different lines. Indeed, most of the
studies (the ones mentioned above for example) regarding the electron cooling are focused on paraxial expansion along
the plume axis, and some recent experimental studies out of the plume axis suggested similar conclusions to those
mentioned here [34].

a) b)

Fig. 4 2D maps of plasma magnitudes at 𝑦 = 0 for the old electron model, with the polytropic closure and
𝛾 = 1.05.

Figure 4 (a)-(b) shows, respectively, the 2D maps of electron temperature and potential for a simulation case where
the closure of the electron fluid model is purely polytropic, and therefore a constant uniform 𝛾 is applied. Panel (a) shows
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that the cooling profile does not match the one obtained from the energy balance as expected. In this simplified closure,
the reference point for the electron temperature in the polytropic law is the same, at the center of the injection surface,
and the value is 8eV. The polytropic 𝛾 coefficient was tuned in order to match the temperature evolution along the plume
axis obtained by solving the energy equation. This is a common approach adopted in simulations with a polytropic
closure to compare with experiments as mentioned. The value found for 𝛾 in this case is 1.05 As a consequence, the
cooling profile along the plume axis is nearly the same in simulations with energy equation and with a polytropic closure.
On the other hand, along the other directions and especially across the magnetic field, the cooling profile has a different
rate, and the reached temperature values are higher, about 2-3 eV higher in the polytropic closure case. Panel (b) (to be
compared with Fig. 2 (c)) proves that the difference in the temperature induces differences in other plasma magnitudes,
and in particular in the potential, which features a larger drop laterally in the polytropic case, in accordance with the
higher predicted temperature.

IV. Conclusions
A 3D electron fluid model for a hybrid PIC-fluid code has been presented, which is weakly-collisional, diffusive

and magnetized. Within the hybrid simulation code EP2PLUS, this can be applied to the simulation of the plasma
plumes produced by different electric propulsion technologies. The implementation of the energy balance in the model
constitutes an important upgrade of the code, which has been tested in a simulation of a magnetized plume, with a
magnetic nozzle configuration typical of electrodeless plasma thrusters. Some results are shown to discuss the plasma
discharge with a focus on the solution of the electron temperature from energy balance, and its deviation from the
polytropic one.
Furthers studies should be focused on the application of the global conditions downstream, which provide a more

realistic heat flux there, and on alternatives of the closure for the heat flux, for which kinetic and experimental studies
suggest convective-type laws in the weakly-collisional limit.
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