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I. Introduction

Partially magnetized ExB plasmas are commonly found in many devices, from surface processing mag-
netrons and Penning traps to Hall Effect thrusters (HET). The usage of perpendicular electric and magnetic
fields allows the sustainment of plasma discharges via impact ionization even at low densities, or as in the
case of HETs, it enables the imposition of strong electric fields that can be used to accelerate ions. However,
it is well-known' that ExB plasmas exhibit many instabilities, which lead to a reduction of the magnetic
confinement and the cross-field transport, generally reducing the device’s efficiency. The current under-
standing of such phenomena is limited, and while the linear stability theory? is useful to have a physical
insight into the onset of the phenomenon, the use of non-linear simulations is necessary to characterize it.
Particle-in-cell (PIC) simulations® ® are the most common approach, thanks to the capability of resolving, at
affordable computational cost, kinetic effects and non-Maxwellian velocity distribution functions. However,
interpreting PIC results can be challenging, especially when trying to isolate the triggering mechanism of
certain phenomena, since they describe a vast amount of physics from a microscopic point of view. On the
contrary, fluid models deal directly with the macroscopic measurable properties of the plasma. They can
predict many instabilities in a wide frequency range at the cost of not being able to resolve kinetic effects
and being limited to near Maxwellian VDF.

In the two-fluid (electrons and singly-charged ions) formulation, different assumptions can be made on
the level of accuracy of the modelled physics, usually gaining computational speed in the simpler models.
A common approximation is the 5-moment model, which can consider non-neutrality and inertial terms,
or assume the quasi-neutral (and usually drift-diffusion for electrons) formulation. The second approach
usually results in a much shorter computational time, not being constrained in time step and cell sizes by
the plasma frequency, electron cyclotron frequency and Debye length. However, in some cases, the model
assumptions can strongly affect the results, thus obtaining an unreliable description of the physical problem.

In this preliminary work, two fluid codes, based on the non-neutral fully inertial and the quasi-neutral
assumptions, are used to analyse and compare the onset of instabilities in ExB plasmas. Two ExB con-
figurations are investigated, in which isothermal ions and electrons are considered, showing the underlying
differences in the modelling strategies, both in modelled physics and numerical methods. The models are
described in Sec.II, with the boundary conditions and integration techniques, and the preliminary results
are reported in Sec.III.

II. Model and codes description

This section briefly describes the two full fluid codes used in the comparison. The Universidad Carlos
III de Madrid has developed the first code whereas the second one, called MAGNIS® has been developed by
Gerjan Hagelaar at the Laplace laboratory in Toulouse. Even though the codes present differences in the
quasi-neutrality assumption and the solution method, the models formally solve the same equations for ions
and electrons (in this work neutrals are never modelled as an evolving fluid). This work uses the isothermal
(for both ions and electrons) version of the codes. This choice has been driven by the already complex
behaviour of the discharge and the difficulty in comparing the energy equations with different heat-flux
closures. The general fluid equations in their conservative form can be written as follows:

One

5 + V- (neue) = Sy, (1)
877,1‘ o
T + V- (nu.) =Sy, (2)
M +V: (neueue) = —ine + e (V¢ —u. x B) —n.vlu,, (3)
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where the isotropic scalar pressure p, is assumed for each species a = e, %, S, is the plasma production source
term, and v = n, k7 (T.) is the total momentum transfer collision frequency. The rate coefficient k7 (T) is
interpolated from look-up tables pre-calculated with the BOLSIG+7 software from the cross-section data in
the SIGLO® database for a Maxwellian electron energy distribution function. With the selected parameters
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for the analysed cases, the plasma can be considered weakly collisional. The model considers only the
perpendicular component of the magnetic field B = BZ. The main differences between the codes lay in the
quasi-neutrality assumption, the treatment of the electron inertia and the solution algorithm, as detailed
below.

A. 2D Non-neutral code

The non-neutral code (NNC) solves directly for the equations 1-4 in their conservative form, without further
manipulation. To account for non-neutral effects, the electrostatic potential is obtained by the solution of
the Poisson equation
V2= = (n. =), (5)
€0
discretized with a 5-point stencil finite difference scheme and solved at each timestep with the MUMPS?
direct solver.

The system of equations is advanced in time with a finite volume method (FVM) algorithm. The electron
and ion systems are treated separately but coupled through the Poisson equation. To satisfy the stability
criterion of the Euler-Poisson system,'® the equations cannot be trivially advanced in time explicitly, being
the system unconditionally unstable. To overcome this issue, a fractional step method is used to advance
separately the homogeneous and the source part of the balance laws. In particular, the second-order accurate
Strang splitting scheme is used, computing the new potential between the convective and source term step.
The advancing algorithm for a time increment At is the following:

1. The collision frequencies are interpolated.
The source terms are advanced of 0.5At.
The homogenous system is advanced of At.

The Poisson equation is solved with the new densities.

AN I

The source terms are advanced of 0.5A¢.

The algorithm uses an adaptive time-step, meaning that in every iteration the time-step is computed to
satisfy the CFL constraint and to resolve the plasma frequency.

For what concerns the hyperbolic homogeneous system, a Riemann solver based approach is used. The
available Riemann solvers are Rusanov, Roe, HLL, HLLE and HLLC, to be coupled with a MUSCL 2nd
order reconstruction scheme with minmod slope limiter. The HLLC!! solver is used in all the simulations
presented in this work, with the addition of a low-Mach correction.'? The source terms and the homogenous
systems are advanced in time using a third-order strong stability preserving Runge-Kutta scheme.'® The
algorithm is written in FORTRAN and parallelized with MPI domain decomposition.

BOUNDARY CONDITIONS A variety of boundary conditions can be set for the different fluid species, but for
the analysis performed in this work only the periodic and sheath boundary conditions will be used. Periodic
boundary conditions assume the usual formulation and thus are not discussed further; for what concerns
sheath boundary conditions, the approach introduced by Sahu et al.!* has been used. In such formulation,
the drifted Maxwellian velocity distribution function is integrated to recover the mass and momentum in the
two directions, respectively:

o = :I:na% [exp(—@2.,) + /il Lo (erf iy o +1)] (6)
Toq = £naT, 7:Lﬁexp(—ai )+ 1 +at, ) (erf g £1)|, (7)
ﬁ « 2 (e}
FSa = maunarlav (8)
where ) ,u are the perpendicular and parallel velocities to the wall, %, = U1 0(2Ts/me) %P is the

normalised velocity, and &, = (87, /7rma)0'5 the thermal speed; the 4+ depends on the direction of the cell
face normal. At each iteration of the algorithm, the boundary fluxes are imposed directly in the finite volume
scheme. Dirichlet conditions are used for the Poisson equation.
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B. MAGNIS

Contrary to the NNC, MAGNIS assumes quasi-neutrality (n. & n;) and thus the Poisson equation is not used,
removing the constraint of the Debye length. The electrostatic potential is computed from the momentum
and the current conservation equation

V- (nju; —neue) =0, 9)

yielding a second-order equation in ¢. As opposed to the NNC, in MAGNIS, the fluid equations are expressed
in their non-conservative form, which for the momentum equations of ions and electrons read:

ou; - € Vp; Sp
ot “+u; - Vuz = _mi (V¢ —u; X B) - min; - n; u;, (10)
(& Vpe Sp aue
= — (V¢ - - - 22 ) u, - fE 1
0 Mo (V(b U X B) MeTe (Ve + ne) Ue ﬁ ot y ( 1)

where § = max(1,w.At) is a relaxation factor to ensure numerical stability even in the case of a large Hall
parameter, known to be a problem for quasi-neutral codes. As it can be seen, the electron inertia is not
properly resolved, and even though the temporal term is retained as a source term, the model must be
intended as a drift-diffusion approximation of electrons.

As for the NNC, the equations are advanced in time using a FVM with 2nd-order MUSCL reconstruction;
however, contrary to the NNC, MAGNIS uses a predictor-corrector scheme in a segregated algorithm to
update the fluid variables, employing both explicit and implicit time-stepping algorithms. The integration
algorithm of MAGNIS is summarised as follows (a more detailed description is reported in the thesis of
Sadouni®):

1. Collision frequencies, sources and wall speeds for boundary conditions are calculated.
2. Electron and ion velocities are predicted from the momentum equations including the inertia term.

3. The electric field and potential are solved from the current conservation equation, accounting for the
response of the particle velocities to change in —V¢ to satisfy the current continuity.

4. The particle velocities are corrected with the new electric field (here 88“; is not considered).

5. Ion density n; is solved using the new velocities.
6. The electron density n. is updated with the quasi-neutral assumption.

The algorithm is repeated until the end of the simulation with a fixed time-step: the partial introduction
of electron inertia with the semi-implicit schemes poses no constraints on the time step other than the CFL
condition. The code is implemented in FORTRAN and no parallelization is used.

BOUNDARY CONDITIONS The boundary conditions in MAGNIS are imposed at the boundary with lateral
walls (either conductive or dielectric) unless a periodic domain is used. Because of the quasi-neutrality
assumption, the boundary conditions are specified at the sheath edge according to the classical sheath
model. The boundary condition for the particle flux is expressed as:

(Natle) = tnoWa, (12)

where W is an effective wall loss speed computed from the classical sheath theory accounting for the direction
of the cell face normal. For electrons and ions:

e () e (02 0)), -

T\ 1/2
W; = max [<€> ) |uJ_Z|‘| s (14)
my;

where ¢ is the potential at the sheath edge computed by the code and ¢,, is the imposed potential at the
wall; Eq.(14) is the Bohm condition. Dirichlet boundary conditions are used for the potential at the wall.
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ITI. Results

In the following subsections, two test cases of ExB plasmas are presented, consisting of a magnetised
plasma column and a simplified variation in which one direction assumes periodic boundary conditions. The
simulations have been performed with the NNC and MAGNIS using the same input parameters, except for
time-step and the simulation time. Typically, the simulation time is of 100 ps, however, MAGNIS appears
to be slower in reaching the steady state condition on the mean plasma density in the domain, especially
in the semiperiodic cases, which have then been run for 200 ps. For all the simulations, molecular hydrogen
has been used.

A. Isothermal magnetised plasma column

The first test case analysed consists of a simplified model
of a magnetised plasma column, where the plasma is as-
sumed to be isothermal. The setup is shown in Fig. (1), and
must be intended as a section of a plasma column where the
out-of-plane dynamics is neglected, the magnetic field is per-
pendicular to the domain and the lateral walls are grounded.
The discharge is sustained by a constant injection of ions and
electrons following a Gaussian distribution; the production
source term can be thus expressed as:

I f(z,y)

- Sp = gma -
T — xg)2 )2
f(z,y) =exp <( %20) W %Z;lo) >

Figure 1. Schematic of the isothermal magne- . . .
tised plasma column simulation in a square do- Wwhere I [A/m] is a given current, A the computational

main of size L. Electrons and ions are injected domain’s surface and zg, yg, ¢ the parameters defining the
with a Gaussian profile. Gaussian profile. The simulation is initialised with uniform

density and n, = n;. The main simulation parameters are
reported in Tab.1.

UNMAGNETISED CASE In the unmagnetised case, the plasma column
converges to the usual diffusion profile, reaching a steady state condition .

h for the elect the electrostatic f bal th Table 1. Nominal parameters for
where for the electrons, the electrostatic force balances the pressure gra- ¢ " o onetised plasma column
dient. In this condition, the two codes show good agreement, as shown test case.
in Fig.2, except for the lateral sheaths and a higher potential for the

Parameter Value
NNC. The higher potential is possibly due to numerical inaccuracies in

the resolution of the electron momentum inside the sheath due to exces- L 10cm
sive numerical diffusion. Even though a possible fix has been proposed Cell x 512
by Reboul et al.’® for a simple 1D sheath, the complexity of the 2D case Cell y 512
with the addition of magnetised and turbulent plasma has not been ex- I 50 mA
plored yet. Since the electric field shows perfect agreement (outside the Mo 1014 m—3
sheath region), the shift in the potential has been ignored, not seeming n 104 m -3
to affect the onset of the instabilities. The potential discrepancies will be 0 2. 3
addressed in future works. "no 10%m
T, 2eV
ONSET OF THE INSTABILITY It is known!'%!7 that in the magnetised T 0.01eV
plasma column a large-scale instability develops to untrap the magnetised ¢ 1em

electrons from their gyromotion and facilitate the cross-field transport in
the radial direction. In this case, the instability is not linked to the ionisation terms, as it has been observed
in magnetron discharges,'® being the production source term constant and not dependent on the local plasma
density.

The instability can be triggered by increasing the magnetic field to the point where the usual diffusion
profile is destabilised, as shown in Fig. 3. The plasma column develops large arm-like structures, which at
lower magnetic fields are stationary (e.g. at B=11G). Magnetic confinement increases for larger magnetic
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Figure 2. Steady state solution of the non-magnetised plasma column for MAGNIS and the NNC for the
parameters in Tab.1.
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Figure 3. Istantaneous electron density at different magnetic fields for the NNC (top) and MAGNIS (middle),
and charge density for the NNC (bottom).
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fields, resulting in a larger peak plasma density for the same I. In turn, the plasma column develops a stronger
instability to transport plasma to the wall, characterised by the formation of finer structures rotating in the
diamagnetic drift direction (corresponding to —E x B in this case). The diamagnetic drift dominates the
electron motion, while the weakly magnetised ions have a predominantly radial velocity.

B =11G B = 15G B = 20G B = 50G

(E)e [V/m]

=5.0 —2.5 0.0 2.5 50 —5.0 —2.5 0.0 2.5 50 —5.0 —2.5 0.0 2.5 50 —5.0 —2.5 0.0 2.5 5.0
x [em] x [cm] x [em] x [cm]
"""" NNC — MAGNIS

Figure 4. Time averaged profiles of the plasma density (top) and potential (middle) and electric field (bottom)
at y =5cm.

This behaviour is consistent between the two
codes, even though in the NNC the filament struc-
tures are more accentuated, as shown in Fig.3. In

® MAGNIS ® | the NNC, these structures are associated with non-
1y @ NNC negligible charge separation (shown in the last row of
Z, Fig.3), which is consistent with PIC simulations of ro-
2 o | tating spokes!'® where a double layer is formed at the
% 104 N edge of the spoke. As the magnetic field increases, the
< ° plasma becomes more turbulent and the charge sepa-
% 81 ° ration becomes more important. Although MAGNIS
g ° ° can capture sharp gradients in the electric field, it
61 (O ° cannot resolve charge separation on a finite scale due
i e 8 * to the hypothesis of quasi-neutrality, coincident with
: ; ; ; . — €9, A\qg — 0, thus some differences are to be expected.

0 10 20 30 40 50

The mean profiles of n;, ¢, E, averaged over 30 ps
are shown in Fig. 4. At larger magnetic fields the
Figure 5. Mean residence time of the magnetised difference in the predicted plasma density becomes
plasma column at different B for MAGNIS and the more important, highlighting the increased cross-field
NNC. transport present in the NNC model. Common to the
two codes is predicting a smaller electric field as the magnetic field increases, as shown in the last row of Fig.4.
This is consistent with the larger magnetic force balancing the pressure gradient in the electron momentum
equation, thus a smaller electric field is needed. Once again it can be observed how the instability of the
NNC reduces the magnetic confinement, leading to larger values of E, than in MAGNIS. The differences
in the sheath potential can be attributed to similar effects, noticing that electrons become progressively
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magnetised in the sheath region.
A way to approximately quantify the turbulent transport is to define a mean residence time® as:

_ <fv nzdv>t
{Jy SpdV)e’

corresponding to the ratio of the average plasma density over the average ionisation source Sp; the
averaging is done over 50ps. In other words, 7 represents how fast the injected plasma reaches the lateral
walls. According to this definition, the mean residence time increases as the magnetic confinement becomes
more efficient in trapping the electrons; thus 7 is expected to grow at larger magnetic fields. This behaviour
can be observed in Fig.5 where the mean residence time is shown for the NNC and MAGNIS at different
magnetic fields. The small difference in 7 at B = 0 is due to lateral sheaths in the NNC, which inevitably
results in a lower average ion density in the domain with the same source term. However, it can be observed
how the NNC predicts a slower increase of the mean residence time, especially in correspondence with the
onset of the finer filament structures at B =~ 10G, indicating a faster transport of plasma across the magnetic
field. Even though the mean residence time is not a direct measurement of the turbulent cross-field transport,

it is helpful to the general behaviours of the codes, showing non-negligible differences in the efficiency of the
magnetic confinement.

T

(16)

B. Isothermal semi-periodic plasma layer

The second test case consists of a semi-periodic (along
the y direction) domain with lateral grounded walls.

) ) periodic
As in the previous case, ions and electrons are injected i i B@
at the centre of the domain following a Gaussian pro-
file along = and uniform along the periodic direction EXBT lEXB
following: ,
= ELZ‘)v T—x’ periodic =
ef W f(x)dA
) (17)
f(z) = exp _w ) Figure 6. Schematic of the semi-periodic test case.
202 Ions and electrons are injected with a constant Gaus-

sian profile on the z coordinate.
The parameters of the Gaussian and the injected cur-

rent I have been kept identical to the previous test
case. The simulation is again initialised with uniform density and n. = n;; the species temperatures and
the magnetic field are uniform and constant. The simulation setup is shown in Fig.6 and the parameters are
reported in Tab.2, where only the changes with respect to Tab.1 are shown.

As for the magnetised plasma column, the first comparison between the codes
has been performed with B = 0. The axial profiles at steady state are reported in

Tabl 2. Nominal . . . . .
pzra‘:neters foromlafe Fig.7, where again the codes show very good agreement in the plasma density, ion
isothermal plasma velocity and electric field. The plasma properties are constant in the y direction.
layer case. As in the previous test case, the potential in the NNC is larger than in MAGNIS. In
Parameter  Value this regard, the same considerations for the magnetised plasma column also apply

in this scenario.
L, 10cm

L, 5cm ONSET OF THE INSTABILITY Similarly to the previous case, by increasing
Cell x 512 the magnetic field, the magnetised electrons are trapped in a drift motion along the
Cell y 256 periodic direction y. Due to the simulation geometry, the domain can be divided

into two antisymmetric regions in the axial direction, where the electrons drift in

opposite directions. The plasma confinement is once again reduced by the onset of
an instability developing in the periodic direction which limits the maximum plasma density in the domain
once the saturation regime is reached. In the NNC the steady state condition of the average plasma density is
reached under 100 ps, whereas MAGNIS requires almost twice as much, converging at a much larger density
due to the reduced cross-field transport and better confinement. The onset of the instability itself happens
much earlier in the simulation of the NNC than in MAGNIS. The electron density and the electric field along
y in the saturated regime of the instability with B = 50G are shown in Fig.8 for the two codes.
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Figure 7. Steady state solution of the unmagnetised semi-periodic test case for MAGNIS and the NNC for
the parameters in Tab.2.

MAGNIS
ne [10m=3)

£, [V/em)

j

~—

g‘ %
= 01\ e ——

2.0
1.5
1.0
0.5

0
x [cm] x [cm]

Figure 8. Electron density (top) and E, (bottom) for the isothermal plasma layer test case at 50G.
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The instability is characterised by the formation of thin spokes travelling in the —E x B direction with
a velocity close to the ion sound-speed ¢, = [(T. + T;)/m;]°. The antisymmetry of the initial condition is
preserved and the spokes travel in opposite directions in the two half-domains.

Contrary to Fig.3, where the saturated regimes in the two codes were similar, the models converge to
sensibly different solutions. MAGNIS predicts extremely regular structures of n. and E,, whereas the NNC
shows finer and more irregular distribution of the plasma density and electric field. The finer, filament-
like structures predicted by the NNC are in line with the results shown in Fig.3, although in this case
the difference is more accentuated. Even though the instability predicted by the two models seems to be
substantially different, the frequency appears to be in the same order of magnitude. The FFT of the density
oscillations sampled by a virtual probe at x = 0.5¢m, y = 2.5¢m is shown in Fig.9. As in the previous case,
the more turbulent instability of the NNC appears to be more efficient in enhancing the cross-field transport,
as can be inferred by observing the much higher plasma density in MAGNIS.

Finally, it is interesting to note that the region where the electron drift velocity changes sign (i.e. the
antisymmetry plane of the simulation) is subject to very different behaviour. In MAGNIS, the interface
between the opposite streaming flows is perfectly preserved, as can be deduced by the uniform density and
E, = 0 shown in Fig.8, whereas in the NNC it is quickly destabilised and a mixing of the two regions can be
observed. At the current state of the analysis, it is not straightforward to explain the reason for the more
stable discharge observed in MAGNIS, which can be due to numerical or physical considerations. It must
be kept in mind that MAGNIS lacks the resolution of Poisson and electron inertia, which can play a role in
the more turbulent behaviour of the NNC.

NUMERICAL DIFFUSION To evaluate whether
the observed differences are numerical or physical, it

. . . FFT of n. at x = 0.5,y = 2.5 cm
is necessary to address the problem of numerical dif-

fusion. Fluid codes are inevitably subject to a certain 504 — E&IZNIS
amount of numerical diffusion introduced by the nu-
merical algorithm used to solve the equations. The 401

term numerical diffusion is very broad and thus it is
difficult to quantify it precisely. In general, the effect
of too large numerical diffusion is the loss of details 20
in the solution, where the sharp features are smeared;
this can have a dramatic effect on the prediction of
the instabilities. For instance, in the case of cross-field 04
transport, a large numerical diffusion can contribute 0 1000 2000 3000 4000 5000
to the diffusion of plasma across the magnetic field, FlkHz]
t}.n.lS C(.)mpletely inhibiting t},le forrn,atlon of the lns.ta_ Figure 9. Fast Fourier transform of n. sampled at the
bility itself. The effect of increasing the numerical ;3 a1 probe (z = 0.5cm,y — 2.5¢m) for MAGNIS and
diffusion can be observed in Fig.10. In the case of the NNC.
NNC (left), the numerical diffusion can be increased
by selecting a different Riemann solver (from HLLC to Rusanov, which is much more diffusive) and removing
the 2nd-order MUSCL reconstruction. As expected, the fine structures of the instability are lost and density
distribution appears to be much more regular. In MAGNIS, the main way to introduce numerical diffusion
is by reducing the number of cells. The usage of a coarser grid does not appreciably alter the already very
regular instability, except for predicting a lower frequency. However, this can be attributed to the lack of
proper modelling of electron inertia in MAGNIS, thus failing to reach mesh convergence and thus predicting
finer structures as the cell size is reduced.

Even though this simple comparison is not enough to rule out the influence of numerical diffusion, it
appears that, even in the most diffusive configuration, the NNC does not recover the instability predicted
by MAGNIS. More detailed analyses on the matter are left for future works.

tude

301

i

Ampl

10 4
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Figure 10. Effects of numerical diffusion on the NNC (left) and MAGNIS (right) solutions of the semi-periodic
test case at 50G. Note the change of scale for the most diffusive solution of the NNC.
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IV. Conclusions

In this work, two full fluid models of ExB plasma discharges are analysed. The NNC assumes the two-
fluid plasma model including electron inertia and accounting for non-neutrality. The system of equations is
advanced in time with a Strang-Splitting method, using Runge-Kutta for the time integration and the HLLC
approximate Riemann solver with MUSCL reconstruction for the spatial discretisation. The MAGNIS code
instead, is a quasi-neutral model with partial inclusion of the electron inertia. Analogously to the NNC,
MAGNIS uses a finite volume method discretisation with MUSCL reconstruction, although the equations
are integrated with a predictor-corrector scheme.

The codes have been compared by simulating a magnetised plasma column and a semi-periodic variant
with grounded lateral walls. Both test cases assume fixed virtual ionisation and isothermal species; the
constant magnetic field is perpendicular to the domain and spatially uniform. Different magnetic field
intensities have been considered. The simulations have been run until the average plasma density in the
domain reaches the steady state condition.

For both test cases, the models show good agreement in the unmagnetised scenario, reaching the same
steady-state solution, except for the lateral plasma sheaths and the potential. The NNC overestimates the
potential drop in the sheaths, most likely due to excessive numerical diffusion in the electron momentum
equation, although further analysis is necessary. Nonetheless, the predicted electric field in the bulk matches
very well.

When the magnetic field is increased, both codes predict the onset of large instabilities that enhance the
cross-field transport. In both cases, the NNC predicts the formation of finer and more turbulent structures,
resulting in a more efficient plasma transport to the wall than in MAGNIS. This can be assessed by observing
the mean residence time in the magnetised plasma column, and the larger peak plasma density at steady
state predicted by MAGNIS in all the analysed cases.

Overall, concerning the magnetised plasma column, the two codes develop very similar rotating structures,
whereas they show very different behaviours for the semi-periodic domain. In particular, MAGNIS predicts
the onset of a very regular instability, responsible of a much smaller cross-field transport than the NNC, for
which the turbulent behaviour observed in the plasma column is recovered. In addition, MAGNIS preserves
the antisymmetry of the simulation step, whereas the NNC predicts a mixing of the counter-streaming
flows of plasma. To investigate whether the differences can be due to an excessive numerical diffusion, a
preliminary analysis has been performed by analysing progressively more diffusive simulations. However, it
appears that even though numerical diffusion plays an important role in the prediction of the instability, it
is not the cause of the discrepancies between the two codes. More analysis on the subject is left for future
works.
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