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Abstract

®

CrossMark

A numerical study of the plasma dynamics in a Helicon Plasma Thrusters’ (HPT) cluster is
presented. For the first time in the literature, the three-dimensional (3D) plasma dynamics
occurring in the plume of a HPTSs’ cluster is analyzed. The physical investigation relies on
ProPic, a 3D particle-in-cell (PIC) code specifically designed to simulate the plasma dynamics
in magnetic nozzles and in a non-axi-symmetric domain. The code has been validated against
experiments reported in the literature and cross-validated with Starfish, an open-source
two-dimensional PIC software. The physical investigation has revealed an interesting mutual
influence between the thrusters that constitute the cluster. Three significant phenomena that
affect the cluster’s performance have been identified. The first phenomenon is related to the
effect that clustering has on the shape of the magnetic field lines and, in turn, on the divergence
angle of the plume. The second phenomenon is related to electron currents flowing among
different thrusters, which affect the potential drop across the plume. The third phenomenon is
related to the effect that neighboring thrusters have on the plasma potential map and, in turn, on

the expansion of the ions.

Keywords: clustering electric propulsion, helicon plasma thruster, magnetic nozzle,

particle-in-cell

(Some figures may appear in colour only in the online journal)

1. Introduction

Electric propulsion is the subject of intense research activity
despite ion and Hall effect (HET) thrusters being mature tech-
nologies with a consolidated flight heritage. Indeed, these sys-
tems are too complex and high cost for several applications
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in the field of small-satellites (i.e. spacecraft’s mass below
200kg) [1-7]. In recent years, there has been an increased
focus on the development of Helicon Plasma Thrusters (HPT).
This technology consists of a radio frequency (RF) plasma
source, operating in the MHz range, coupled to a magnetic
nozzle (MN). Plasma is produced within the source by coup-
ling RF power to the electrons using Joule and/or Helicon
wave heating processes [2, 3, 8—13]. When applying the MN,
electric fields arise spontaneously, which boost the propuls-
ive performance converting the electrons’ thermal energy into
ions’ kinetic energy [14—18]. Moreover, the energetic elec-
trons that surpass the potential drop occurring within the
plume can neutralize the accelerated ions [19-21]; thus, HPTs

© 2023 The Author(s). Published by IOP Publishing Ltd
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do not need a neutralizer [22, 23]. In HPTs, no electrodes
are exposed to the plasma that might be damaged by ion
sputtering or thermal loads [24]. Therefore, HPTs are expec-
ted to be mildly affected by erosion issues while ensuring
reduced complexity and costs. This makes HPTs a good
option in the growing market of low-budget satellites [25].
The main drawback of HPTs is the relatively poor conver-
sion efficiency from RF to thrust power, which was about
0.5%—-5% in early experiments [26—28] and approached 30%
in recent academic experiments [22, 29]. Despite the remark-
able progress in HPT technology, the efficiency of commer-
cially available HPTs is still significantly lower compared to
Ton and Hall effect thrusters that operate at similar power levels
[24, 30-33].

A cluster of thrusters may offer several advantages over a
single similarly powered device, despite the risk of lowering
the overall thruster efficiency and increasing the dry mass [34,
35]. For example, clustering enables to improve the system’s
reliability because of redundancy. Moreover, the propulsive
performance can be adjusted by turning off one or more
thrusters. This throttling allows the cluster to operate at lower
power without running any individual thrusters at off-design
conditions [36, 37]. Clustering can be advantageous for mis-
sions where power or propulsive needs vary over time, or it
is necessary to implement thrust vectoring [38]. Additionally,
clustering offers a high degree of scalability. Indeed, once
the technical issues of operating a cluster are understood, a
single flight-qualified engine can support a wide range of mis-
sions requiring various power levels by employing the appro-
priate number of thrusters [39]. Since 2002, the Air Force
Research Laboratory and the University of Michigan have con-
ducted numerous experiments on clustering of HETs [39-42].
Measurements have shown that clustering can cause signi-
ficant changes in the ion energy profiles [41], the ion cur-
rent density differs from a simple linear superposition of
individual contributions [40], and the magnetic field of each
thruster is affected by the neighboring devices [40]. Despite
these findings, there are still open questions, such as how
the cluster affects the neutralization process when a cath-
ode is present [35], and how the plasma plumes interact with
each other and with the spacecraft [34]. Nonetheless, the total
thrust generated by a cluster of HETs is observed to be only
3.6% higher than the sum of the individual contributions [42],
suggesting a relatively mild interference between multiple
devices.

Clustering HPTs is highly appealing, provided the reliabil-
ity and low cost of this class of thrusters. Nonetheless, only
a few studies are focused on this topic, provided the com-
plexity of evaluating the propulsive performance both exper-
imentally [43] and numerically [44]. Experiments performed
at the University of Washington in 2017 suggest that cluster-
ing HPTs might result in an increment of the performance
provided the increase of both plasma density and ion exit
velocity [43, 45]. To date, only two-dimensional (2D) pre-
liminary analyses of magnetic configurations representative of
an HPTs’ cluster have been accomplished [44]. Nonetheless,
asymmetric magnetic field configurations arising in an HPTs’

cluster are expected to affect the plasma dynamics in the MN
and, in turn, the overall propulsive performance [43—45]. The
lack of accurate three-dimensional (3D) simulations is mainly
due to their computational burden, which has become afford-
able only recently [46, 47].

The MN’s dynamics can be modeled following different
approaches, ranging from multi-fluid models to fully kinetic
ones [48, 49]. 2D fluid models are powerful tools for under-
standing the main phenomena governing the MN [20], but
their closure remains an elusive problem. One-dimensional
(1D) stationary kinetic models have allowed the analysis of
the ion and electron heat fluxes, and the response to non-
Maxwellian features of the ion and electron velocity distri-
bution functions (VDFs) [50, 51]. However, except for 1D
cases, solving the Boltzmann equation directly is often com-
putationally intensive [49]. Moreover, fluid and kinetic con-
tinuum approaches must make assumptions regarding VDF,
one of the main impact parameters in magnetized plasma
expansions [51]. On the other hand, the fully kinetic particle-
in-cell with Monte-Carlo Collisions (PIC-MCC) method is the
numerical strategy with the lowest level of assumptions. The
trajectories of ensembles of particles, called macro-particles,
are integrated, accounting for the self-consistently computed
electric and magnetic fields and collisions [52]. Nonetheless,
the computational burden associated with this approach might
be intense [46]. 2D-axisymmetric PIC-MCC solvers are com-
monly employed to simulate magnetized plasma plumes [46,
53-57]. However, this approach suffers from some limita-
tions: macro-particles might be unphysically accelerated near
the symmetry axis [58], azimuthal oscillations and anomal-
ous transport shall be assumed [46, 59, 60], and asymmetric
magnetic field configurations or spacecraft geometries cannot
be handled [44, 61]. The number of 3D PIC-MCC simula-
tions and benchmarks remains limited [46] due to the intensive
computing resources required. Nonetheless, the adoption of
efficient parallelization strategies [62] and numerical acceler-
ation schemes [53] is allowing 3D PIC-MCC to be performed
in a reasonable computational time (e.g. less than 24 h per
simulation [47]).

This is the first time a 3D numerical study of the MN
dynamics in a HPTs’ cluster is presented. The physical
investigation relies on ProPic, a 3D PIC-MCC code specific-
ally designed to simulate the plasma dynamics in magnetic
nozzles [47]. Section 2 summarizes the numerical method used
to simulate the MN. In section 3, the numerical approach
has been validated against measurements of plasma density
and thrust [63, 64], results have also been verified against
the 2D-axisymmetric PIC code Starfish [53]. In section 4,
the validated approach has been exploited to investigate the
plasma expansion in a HPTs’ cluster. Conclusions are given
in section 5.

2. Methodology

ProPic simulates the behavior of a magnetized plasma plume
in a 3D space (x, y, 7). An overview of the simulation domain
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Figure 1. Scheme of the numerical setup adopted for the 3D PIC
simulations: (I, II) Thruster outlets surfaces, (III) spacecraft surface,
(IV) external boundary. For Poisson’s equation, a Dirichlet
condition applies to (I, II, III), and Robin to (IV). Ions and neutrals
are absorbed on (I, II, VI), on (III) ions are absorbed and neutrals
reflected. Electrons are absorbed on (I, II, III) and selectively
reflected on (IV) based on an energy criterion.

and the boundary surfaces is shown in figure 1. The domain
is delimited by the external boundary (IV) consisting of a cyl-
inder of height Hg and diameter Dg. The spacecraft (III) is
a parallelepiped of dimensions Hs, Ls, Ws. The plasma source
has been omitted because the aim of this work is solely to sim-
ulate the expansion of the plume. Ions, electrons, and neutrals
are injected in the computational domain through boundaries
corresponding to the thruster outlet surfaces (I and II) of dia-
meter d, and oriented perpendicularly to the z-axis. This work
describes the modeling of a cluster made up of two thrusters,
but the simulation strategy can be easily generalized for any
number of thrusters.

2.1. PIC simulation

In the PIC method, the plasma is treated as an ensemble of

macro-particles p = 1,...,N, with positions x) = (x},7,z,)
and velocities v, = (vi vy, v, ) [65-67]. The mass and

charge of each species are referred to as m, and g, respect-
ively. The typical PIC cycle is illustrated in figure 2: at every

time iteration, the charge density is distributed to the mesh
nodes according to the particle positions using a linear inter-
polation scheme (step 1) [65]. Maxwell’s equations have not
been solved in full since usually less than 1% of the total
RF power coupled to the plasma is deposited outside the
source [68]. Furthermore, the currents (mainly azimuthal [2])
induced in the MN are low enough that the self-generated mag-
netic field can be disregarded (errors of less than 1% are expec-
ted [2]). Therefore, the magnetic field B is static and matches
the one imposed by the MN [9]. As a result, the Maxwell’s
equations are simplified to the Poisson’s equation:

f0ld =—p (1)
with ¢ the electrostatic potential and E = —V¢. The charge
density computed at step 1 is used to solve for the self-
consistent plasma potential ¢ according to Poisson’s equation
via a finite element method with a preconditioned con-
jugate algorithm [69] (step 2). Then, particle motion is
solved explicitly using the standard leap-frog Boris algorithm
(step 3) [70, 71]:

n+1/2 n—1/2
Vp W

At
n+1/2 n—1/2
9 \/ /)
= m_p <E”(X;) + 5 X B(xﬁ)) 2)
Xn—l—l _x"
L= p=1N, 3)

Collisions (step 4) have been implemented according to the
MCC method described in [72]. Various collision types have
been implemented, including electron—neutral elastic scatter-
ing [73], electron-neutral excitation [73], electron—neutral ion-
ization [73], ion-neutral elastic scattering [73], ion-neutral
charge exchange [74], neutral-neutral elastic scattering [73],
electron-ion recombination [75]. Data on charge exchange
cross-sections is obtained from [74, 76] for xenon propel-
lant, and from [73] for argon gas. This sequence of operations
is repeated at each time iteration, self-consistently evolving
the particles and the electric field states until steady state is
reached.

The steady state of a simulation is assumed to be reached
when the number of particles inside the domain is constant.
This condition is met after a certain number of time steps («)
to avoid a false-positive result due to PIC noise. This is imple-
mented by requiring [77]:

h —1

1 IN, — N, |<

a+1 Z N
t=h—a r

3 “4)

where £ is a user defined number that represents a steady state
condition, usually around 10~*, h is the current time step and
N;, is the number of macro-particles in the system at the time
step t. As a general guideline, « is assumed to be around 50.
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Step 1 Step 2

Charge density Integrate Poisson

computation: equation on the grid:
Xi ->pP p - E
Step 4 Step 3

Monte Carlo Collisions,
assign new coordinates
Xi, Vi

Integrate equation of
motion, assign new
coordinates x;, v;

Figure 2. Time iteration loop in a PIC code.

The thrust T produced by the engine is calculated by sum-
ming the momentum exchange and pressure contributions of
each species k on the external boundary surface IV [78]:

r= / Z(nkmkvk,zvk -k +mkpTiz - k) 3)
v &

with k the external normal to IV and £ the unity vector parallel
to the z axis.

To speed up the simulation, the free space vacuum permit-
tivity €9 has been increased by a factor +?:

=% (6)

Because of equation (6), sheaths are thicker and plasma
dynamics are slower, allowing to use of a coarser grid and a
longer time-step [79, 80]. A sensitivity analysis in the ~y scal-
ing can be found in [53].

2.2. Boundary condition on the Poisson’s equation

The boundary condition that has been imposed for the closure
of equation (1) are:

e Dirichlet condition on the thruster outlet surfaces (I, II) and
spacecraft surface (IIT), with ¢}, ¢}, and ¢}, the correspond-
ing potential at the time step ¢. ProPic can handle potentials
that vary in space on the thrusters’ outlet or spacecraft sur-
faces, such as those caused by spacecraft charging in more
complex designs [81, 82]. But, for simplicity, it is assumed
that there are no potential gradients in I, II, and III. The val-
ues of ¢ change over time, and their steady state value can-
not be predicted beforehand and must be calculated as part
of the solution, as explained in section 2.4.

e Robin condition on the external boundary (IV) [83]:

K-
Vi + 56 =0 7

with r the vector going from the geometric center of the sim-
ulation domain to IV. Equation (7) derives from the assump-
tion of a monopole decay 1/r of the potential and that at the
infinity ¢, = 0V [83, 84]. The derivation of equation (7) is
provided in [53].

2.3. Boundary conditions on particle kinetics

From now on, pedix i, e, and g will refer to ions, electrons, and
neutrals. At each time step, ions, electrons, and neutrals are
injected from the thruster outlet surfaces (I, II). For all species,
a Maxwellian VDF is assumed [53, 85, 86] with reference tem-
peratures Ty , for k =i,e,g and s = I, II. A drift velocity equal
to v, = Mv,, in the direction perpendicular to the thruster outlet
surfaces is imposed for ions, where M is the magnetic Mach
number and v, = \/kgT ./m; is the Bohm speed. In typical
HPT configurations, it is usually assumed that the Mach num-
ber is close to one [11, 20, 53, 73]. A diffusion drift velocity
Ve = \/kg Tx7g/27r m, is imposed on the neutrals [8].
Generating a stable, steady-state plume requires an energy-
based approach [47, 53, 54, 87]. Assuming a steady-state elec-
tric field, the total energy of each electron can be defined as

1
Eo = EmpV,% +qpPrv (8)

where ¢y is the potential at the external boundary and Eiy
is a constant conserved quantity of the motion in the colli-
sionless case. Two populations of electrons can be identified
based on their total energy. Electrons with Ey,; < 0 do not have
enough energy to cross the potential drop across the plume,
so they are forced to return to the plasma source at a cer-
tain distance downstream. Electrons with Ey,; > 0 have enough
energy to cross the potential drop and can escape to infinity.
Thus, electrons that reach (IV) with a negative E are reflec-
ted; instead, electrons with a positive E are absorbed. The
main assumptions in this energy-based boundary condition are
that the plasma is collisionless beyond the domain and that
the magnetization is not strong enough to cause reflection of
highly energetic electrons [50]. Since ions are accelerated out-
ward by the ambipolar electric field [88], they are absorbed in
(IV). Also, neutrals are absorbed in (IV) since no special treat-
ment is requested for non-charged particles. Ions and electrons
that reach the surfaces of the spacecraft, including the thruster
outlet surface (I, II, III), are absorbed. Neutrals are absorbed
at (I, II) and reflected at (III).

2.4. Control loop

A control loop has been implemented to compute the values of
@4, ¢ and ¢{; in steady state, and to maintain a quasi-neutral
and current-free plume. This approach is similar to other codes
that model the interaction between a spacecraft and a plasma
plume, where an electric circuit connects the two [48, 83]. The
net current I, ; of the species k at the surface s is defined as
Ly =LY — B, where I} is the current that is injected into
the computational domain from the surface s and ijk* the cur-
rent that is absorbed and leave the computational domain at
the same surface. For each surface s = I, II, III, the potential
¢’ is updated according to [11, 47, 53]:

Ph= " — eI+ 1) ©)

with 12;1 and 127-1 respectively electron and ion net current
from the previous time step and ¢, a positive control coeffi-
cient. It is worth noting that the value of ¢, must be carefully
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chosen to find a balance between the fast convergence of ¢;
and the stability of Poisson’s solver. A dedicated sensitivity
analysis can be found in [53]. This method ensures that the
system evolves self-consistently and guarantees that, once it
reaches steady state, the ion and electron net currents are equal
(Us,e +1;,;=0) for s =1 II, I1I.
In general, the density n,; of the species k at the surface
s = I, Il can be computed as [47]:
‘Fs,k
Mok = 7T
|k
with I ; the particles flux density through s and /i the mean
of vy at the same surface. In typical HPT configurations, the
plasma is mesothermal (i.e. 7, > T;), ions are accelerated out-
ward by the ambipolar electric field and | ;| = v, [47, 89]; thus,
the injected ion flux can be considered constant. Specifically,
I} reads:

(10)

m== (an
1

with m1, the propellant mass flow rate. Instead, u, is unknown
a priori, thus the quasi-neutrality condition ng; ~ny, is
obtained at the steady-state by adjusting the injected electron
flux. Specifically, Is% is updated each time step according to

el = BN gy =) (12)
with hy a positive control coefficient. Equations (9) and (12)
guarantee that quasi-neutrality and current-free conditions
are respected at the steady-state. It should be noted that
equations (9) and (12) are general and can be applied to any
number of surfaces ‘s’, regardless of whether they are con-
sidered the outlet of a thruster or the surface of the spacecraft.
Thus, the number of thrusters, whether one, two, or more,
does not affect the applicability of the proposed methodo-
logy. It is worth noting that some particles might flow among
thrusters in a cluster. Nonetheless, ions are accelerated out-
ward by the ambipolar electric field. Thus, it is expected that
this phenomenon is negligible for ions. On the contrary, a
non-negligible flow of electrons might be exchanged between
neighboring thrusters [44]. In the following, the electron cur-
rent that is injected from I and is absorbed in II is noted with
I{ ., the electron current that is injected from Il and is absorbed
in I is noted with Ij; ,. As proven in appendix A, the latter
phenomenon does not prevent the possibility to establish a
current-free condition on each surface given the possibility to
control Is% (see equation (12)).

It is important to choose carefully the initial values of the
control loop to guarantee convergence to steady state solu-
tions. ¢}, is set to 0V since, for a typical small-satellite mis-
sion, the plasma plume and the ambient plasma are not expec-
ted to charge the spacecraft surfaces excessively (i.e. in the
order of few Volts) [30, 90]. The initial values ¢? and ¢\ are
set according to a theoretical value calculated by assuming
current-free conditions, no magnetic field, and that the elec-
tron energy is conserved [86]. ¢? are obtained by solving

4q;v;

|qe|van

=1 -ef(d) + —=dew(-F) (13

N3

Table 1. Parameters used for the validation against the
measurements presented in [63, 64].

Parameter

Propellant mass flow rate m(mgs™hH  0.750

Ton mass (Ar) m; (kg) 6.63 x 1072
Thruster outlet ion Ti1(eV) 0.1

temperature

Thruster outlet electron Te1 (V) 6

temperature

Ion drift speed v (ms™) 4370

External boundary height Hp (m) 0.8

External boundary Dp (m) 0.5

diameter

Thruster outlet diameter d, (mm) 64

Gamma scaling v (—) 260, *30

Number of mesh N (—) 1.5 % 10%, %7 x 10*
elements

Number of electrons/ions Ny (—) 355 % 10%, 2.8 x 10°

macro-particles

4 ProPic
b Starfish

where  Vug = \/8kgTs./mm, and &= \/]q.|#0/ksTs..

Once computed ¢° with equation (13), [L%]° is evaluated
via [86]

giris 1 — erf(§) + 2dexp(—¢?) /7
It is worth noting that the control loop described in this section

is derived from previous studies [11, 47, 48, 53, 54, 86, 87, 91,
92] in which successful validations are presented.

| inj
s,e

(14)

3. Experimental validation

The results of ProPic are compared against the measurements
presented in [63, 64]. The ‘spacecraft’ surface (IIT) considered
for the validation is a cylinder of diameter 240 mm and length
200 mm which represents the envelope of the thruster under
test. The thruster outlet surface (/) has a diameter of d, =
64 mm and is centered at coordinate (x =0, y=0, z=0). The
domain is a truncation (Hg = 0.8 m, Dg = 0.5 m) of the phys-
ical vacuum chamber used in the experiment (length 1.4 m,
diameter 1.2 m). The magnetic configuration is created by a
solenoid with 560 turns of 100 mm-inner diameter, 164 mm-
outer diameter and 50 mm wide. The solenoid current con-
sidered is equal to Iy =2 A, yielding a maximum magnetic
field strength of 101 G at the solenoid central position (zgo] =
—35mm). Argon propellant has been taken into considera-
tion and the mass flow rate is 7z =0.75mgs~'. Electrons
are injected inside the computational domain with T, ; = 6 €V,
according to the measured values. The validation input para-
meters are given in table 1. Numerical results are compared
against the plasma density and temperature measured with a
3 mm-diameter planer Langmuir probe, whose uncertainty is
about £15%. The thrust, directly measured using a pendulum
thrust balance, is also used as a benchmark; typical errors are
within £15%.
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Figure 3. (a) Plasma density n obtained with ProPic on the x—z
plane. (b) Plasma density n obtained with Starfish on the r—z plane.
(c) Plasma density n along the plume’s axis (z-axis), comparison
among experimental data (circles) with relative uncertainty bands,
ProPic results (solid line), and Starfish outputs (dashed line).

The results of ProPic have also been compared against
those obtained using the 2D-axisymmetric PIC code Starfish,
which has been used previously to model Hall thruster
channels [93], as well as the plumes of ion [94], magnetically-
enhanced vacuum arc [95], and Helicon [11, 47, 53] thrusters.
The methodology proposed in section 2 is similar to the one
used in Starfish. Further details can be found in [53].

Figures 3(a) and (b) show the plasma density map n on
the x—z and r—z planes obtained with ProPic and Starfish,

Table 2. Thrust comparison between experimental results and
predictions obtained with ProPic and Starfish.

Thrust T (mN)
Experimental 4.54
ProPic 4.5
Starfish 4.9

respectively. Results on the y—z plane are not presented due
to the axisymmetry of the domain. The results provided by
the two codes show similar behavior (difference smaller than
20%). Specifically, the Starfish’s outputs are noisier near the
z-axis than the ProPic ones. This is because the 3D code
has fewer assumptions on the z-axis which is not treated as
a boundary of the computational domain. This, in general,
leads to more accurate results [46]. The axial plasma dens-
ity is shown in figure 3(c). The difference between ProPic and
the experimental data is within the reported uncertainty bands.
Starfish’s results are outside the uncertainty bands only for
x < 5cm, with n overestimated by approximately 20%. This
bias could be attributed to the reflective boundary condition
imposed along the z-axis in the 2D-axisymmetric code [53].

In MN expansions, electron cooling can be characterized
by the polytropic relationship: T, /T, ; = (n./n. ;)" ~", where
7. denotes the polytropic index [96]. Analytical estimations
of v, are available in literature and, according to [88], its
value is 1.27 for argon propellant. A linear regression between
log,, T, and logyn, can be used to extrapolate the value of
v, from both experimental values and simulation data. The
experimental results yield an approximate value of 7, ~ 1.18,
while the ProPic results indicate v, ~ 1.27, in perfect agree-
ment with [88]. The discrepancy between the value extrapol-
ated experimentally and the numerical simulation, which is
roughly 7%, falls within the uncertainty error range.

Table 2 compares the measured thrust against predictions
obtained with the PIC simulations. Both ProPic and Starfish
predict the thrust with an error lower than 10% (for ProPic
the disagreement is about 1%). A lower accuracy of the
2D-axisymmetric code was expected provided the unphys-
ical macro-particle accelerations that might occur near the
symmetry axis [58]. Notably, the plasma potential and ion
speed fields were not measured, but the density and thrust
experimental data showed good agreement with PIC results.
Therefore, based on the momentum equation, it is reasonable
to assume that the velocity field and the potential drop across
the plume are reasonably estimated.

The main disadvantage of ProPic with respect to Starfish is
the greater computational cost. ProPic required a machine with
at least 32 GB of RAM and took approximately 24 h to run
the simulation using 16 processors. Starfish required less than
8 GB of RAM and took approximately 8 h to run the simulation
using 8 processors. As shown in table 1, a larger y scaling has
been used in ProPic to get results in a reasonable amount of
time. Despite the larger scaling, the number of mesh elements
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Table 3. Parameters used for the validation against the
measurements presented in [97].

Parameter

Propellant mass flow rate m(mgs™)  0.056

Ton mass (Ar) m; (kg) 6.63 x 1072
Thruster outlet ion temperature Ti1 (eV) 0.1
Thruster outlet electron temperature 7, ; (eV) 9
Ion drift speed v (m s’l) 4656
External boundary height Hg (m) 0.5
External boundary diameter Dg (m) 0.26
Thruster outlet diameter d, (mm) 68
Gamma scaling ¥ (—) 45
40
TN —— ProPic
M., Starfish
30 \\\\ Experiment
=20 L 5 & S
Py
10
0
0.00 0.05 0.10 0.15 0.20 0.25
z[m]

Figure 4. Plasma potential ¢ along the plume’s axis (z-axis),
comparison among experimental data (circles) with relative
uncertainty bands, ProPic results (solid line), and Starfish outputs
[53] (dashed line).

N, in the 3D simulation is more than 20 times the one in the
2D case. Also, the number of macro-particle N, at steady state
is 2 times larger in ProPic than in Starfish.

3.1. Supplementary validation

A second validation has been added to ensure the reliability of
ProPic in estimating the plasma potential and ions’ speed. The
numerical code is validated against the experiments conduc-
ted in a Piglet Helicon reactor [97]. This mimics the approach
presented in [53] to validate the implementation in Starfish of
the numerical methodology discussed in section 2. The Piglet
reactor is filled with argon gas at a pressure of 0.04 Pa. The
magnetic configuration is generated by an electromagnet pro-
ducing a magnetic field intensity of By =4 G at the throat.
A retarding field energy analyzer (RFEA) has been utilized to
measure the local plasma potential and the ion energy distribu-
tion functions. RFEA measurements have a given uncertainty
of £5% [53]. The input parameters for ProPic are given in
table 3.

The axial plasma potential is shown in figure 4: the PIC
model reproduces the experimental trend with accuracy within
the stated uncertainty. The ions’ speed obtained with ProPic
on the z-axis at z= 100 mm equals 8300 m s~!. This value
perfectly agrees with the one obtained by the RFEA measure-
ments (the difference is less than 2%).

Table 4. Input parameters for clustering physical investigation.

Parameter

Propellant mass flow rate m (mg sTH 02
(per thruster)
Ton mass (Xe)

Thruster outlet ion

m; (kg) 22x107%
Ti1,Tin (eV) 0.1

temperature

Thruster outlet electron ~ Te1,Ten (V) 10

temperature

ITon drift speed v (ms™h 2708

External boundary height Hgp (m) 1.6

External boundary radius Dg (m) 0.6

Thruster outlet diameter d, (mm) 68

Number of mesh element N, (—) #35%10°,%95.5 x 10°
Gamma scaling v (—) 45

Number of ions macro N, (—) b5 5 10°,¢1 x 10°,
particles in steady state 912 x 10°

Number of electrons Npe (—) 355 % 10%,°1 x 10°,
macro particles in steady 41.2 % 10°

state

2 Configuration A.
b Configuration B.
¢ Configuration C.
4 Configuration D.

4. Results

The numerical investigation of the MN dynamics and perform-
ance in a HPTSs’ cluster has been conducted accounting for two
thrusters, as shown in figure 1. The input parameters are listed
in table 4. The external boundary has dimensions Hz = 1.6 m
and Dg = 0.6 m. The spacecraft has dimensions H. = 0.3 m,
L.=0.2m, W, =0.1 m, based on a 6 U platform which con-
sists of a 3 U payload and two 1.5 U HPTs, similar to commer-
cially available systems such as REGULUS [30]. The thruster
outlet surfaces (I and II) are perpendicular to the z-axis, their
diameter is d, = 68 mm and their centers are located respect-
ively at coordinates (x = —0.05, y =0, z=0) m and (x = 0.05,
y =0, z=0) m. Xenon propellant has been taken into account,
and the operative conditions are consistent with a low-power
(50-100 W) HPT [30]. This includes a total mass flow rate
= 0.2 mgs~! per thruster and electrons ejected inside the
computational domain with 7, = 10 eV [11]. The magnetic
configuration of each HPT is created by a solenoid yielding
a magnetic field strength of 920 G at the center of the corres-
ponding outlet surface.

Asymmetric magnetic configurations that form in a HPTs’
cluster are expected to influence the plume expansion [43—45].
Thus, the purpose of this study is to examine, for the first
time, how clustering impacts the plasma dynamics within the
MN. To simplify the investigation, a uniform plasma dens-
ity profile has been assumed on the thrusters’ outlet despite
the non-uniformity observed experimentally [2]. However,
in appendix B, we have conducted a sensitivity analysis to
assess the impact of neglecting plasma non-uniformity at
the thruster outlet. Similarly, collisions have been ignored.
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Figure 5. Intensity of the magnetic field on the x—z plane for configurations A-D.

Nonetheless, to provide a more comprehensive understanding
of the cluster’s dynamics, we have included appendix C where
results obtained with and without collisions are compared.

From now on, the notation I and II will be used to refer to
the thrusters associated with surface I and II, respectively. The
same notation will be used for the corresponding solenoids.
The numerical investigation is conducted by comparing four
different configurations:

e Configuration A: thruster I and solenoid I are turned on,
while thruster IT and solenoid II are turned off.

e Configuration B: thruster I, solenoid I and solenoid II are
turned on, thruster II is turned off. Solenoids I and II have
the same polarity.

e Configuration C: thruster I, solenoid I, thruster II and solen-
oid II are turned on. Solenoids I and II have the same polar-
ity.

e Configuration D: thruster I, solenoid I, thruster II and solen-
oid II are turned on. Solenoids I and II have the opposite
polarity.

Configuration A, which is simply a single thruster being
on, is the benchmark against which the performance will be
compared. The study of configuration B might be represent-
ative of a case in which the magnetic field is generated with
permanent magnets and not electromagnets [30]. Moreover,
the condition of having one thruster on and the other off could
be used, among other things, to meet the requirements of a
particular attitude control maneuver or to limit power con-
sumption. Configuration C is the condition when two identical
HPTs operate simultaneously. The magnetic field generated
by configurations A—C contributes to having a non-zero mag-
netic moment of the satellite, causing potential problems with
attitude control [98]. This problem can be solved by config-
urations similar to the D one, which has a resulting magnetic
moment close to zero. Configuration D is also representative of
the MN of the new arch-shaped thruster concepts (MAT) [44].
Indeed, MAT thruster features a ‘C’-shaped discharge cham-
ber and a toroidal magnetic field made up of two magnets with

opposite polarities. The magnetic field corresponding to the
four configurations is shown in figure 5.

4.1 Plasma density

The ion plasma density n; on the x—z plane is shown in figure 6,
with white contours representing the magnetic field lines. In
configuration A, the plume follows the magnetic lines of the
axisymmetric MN until detachment, which happens approx-
imately at z=0.35 m. This behavior is similar to what was
observed in previous studies of the plasma expansion in the
MN of a single thruster [47, 53, 54, 99]. In configurations B
and C, the magnetic field lines are no more parallel to the z-
axis near the thruster outlet surface (I and II respectively). The
plasma, following the magnetic lines, is deviated radially; a
more quantitative discussion on the divergence angle will be
provided in the following section 4.4. In configuration D the
lines of the MN are connected and the two plasma plumes that
exit from I and II, respectively, merge into one flux. It is inter-
esting to observe that the results of configurations C and D,
in which two thrusters are on, are not a linear combination of
the results of configuration A, in which only one thruster is
operated.

4.2. Charge density and plasma potential

The plasma potential ¢ on the x—z plane is shown in figure 7.
The results of configuration A are similar to what was seen
in previous studies, with a potential drop forming between
the thruster outlet and the surrounding ‘infinity’ to maintain a
current-free plume [2, 47, 53, 54, 99]. In configuration B, the
non-axisymmetric field lines alter the potential shape. In con-
figurations C and D, the potential field is significantly changed
due to a second positive peak in correspondence with the
thruster II. The presence of two potential peaks has a strong
influence on the cluster’s dynamics since the potential drop
across the plume is equal to the steady state values of ¢; and
¢n obtained from the control loop (see equation (9)).

It is worth noting that these findings are not perfectly
consistent with previous results [100—102] that highlighted
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Figure 6. Ion plasma density n; on the x—z plane for configurations A—D. White contours represent the magnetic field lines.

the presence of a plasma potential well in correspondence
with the plume periphery. This potential well structure can
be interpreted as the consequence of charge separation that
results from ions with sufficient transverse energy overshoot-
ing the attached electron population [103]. As demonstrated
in [53], the phenomenon of charge separation leading to the
potential well structure is primarily associated with collisions.
Moreover, [104] has shown that this phenomenon decreases
significantly as the ratio of ion temperature to electron tem-
perature (T;/T,) decreases. Figure 8 shows the relative charge
density (n; —n,)/n,, with white contours representing the
magnetic field lines. Results are similar of what seen in [53]:
within the plume, plasma is substantially quasi-neutral and
there is a charge separation across the plume periphery. The
existence of a strongly negative space charge along the outer-
most magnetic layer and a prominent positive charge beyond
this layer can create a radial potential well. However, due to the
collisionless nature of our approach and the low T;/T, ratio in

our simulation, the charge separation is not significant enough
to generate a potential well. It is unlikely that this will have a
significant impact on the physical analysis of the system, since
the intensity of the potential well remains relatively low, on the
order of a few volts [100].

4.3. Control loop

The steady state values of ¢; and ¢y depend on the currents
flowing through each thruster. As demonstrated in appendix A,
the control loop implemented ensures the current-free condi-
tion on each surface of the system but the contributions that
determine I ; shall be analysed to grasp the cluster’s dynam-
ics. Specifically, electrons that exit from thruster I are attrac-
ted by the positive potential peak formed in correspondence of
thruster II, and vice-versa. Instead, this phenomenon is negli-
gible for ions that are accelerated outward by the ambipolar
electric field. If Ij; , increases, then Iibes will also increase,
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Figure 7. Plasma potential ¢ on the x—z plane for configurations A—D.

which results in a drop of the electron net current /; .. Since the
ion net current I;; is almost constant, a lower potential drop
¢y is needed to keep the plume current-free; the same hap-
pens for II. Provided that electrons are strongly magnetized
in usual HPTs [47], the electron current that flows between
the two thrusters depends heavily on the magnetic topology.
Thus, two different behaviors occur depending on whether the
solenoids have the same polarity (configuration C) or opposite
polarities (configuration D). In configuration C, the electrons
that exit the thruster outlet with a sufficiently large amount of
kinetic energy can arrive far enough to detach from the mag-
netic field lines [105]. Once detachment occurs, they could
be attracted by the positive potential of the other thruster and
eventually be trapped by the magnetic field lines that lead to
the second thruster outlet. It is expected that this current is
relatively low, because only the most energetic electrons can
detach from the magnetic field lines and, once detached, they
could have enough energy to escape toward infinity. In config-
uration D, because the magnetic lines are closed, the electrons

follow the magnetic field that connects the two thrusters and
can get close to the second outlet, eventually being absorbed,
without detachment. Therefore, it is expected that a significant
number of electrons that exit from one thruster’s outlet, even
those with relatively low energy, will flow to the other one, res-
ulting in a large current flow. Table 5 shows the steady state
values of ¢;, the absolute value of the electron currents that
flow from [T to I |If; ,| and the injected ion current Ii"{ . Because

of geometric symmetry, ¢y, |If‘yg\ and I}'I”l for configurations C

and D are equal to ¢y, |[f; | and I}, respectively. The ion’s cur-
rent flowing between the two thrusters is not reported because
it is negligible. Results confirm what is expected: the electron
current that flows between the two thrusters in configuration D
is 157 times the one in configuration C. The potential drop ¢y
in steady state in configuration D is 17.4 V lower than in con-
figuration C. It is worth noting that the electron current flowing
between the two thrusters in configuration C, which is equal
to 0.05 A, is not negligible when compared to the ion injected
current whose value is 0.145 A. This determines a steady state
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Figure 8. Steady-state relative charge density (n; — n.)/n. on the x—z plane for configurations A-D. White contours represent the magnetic

field lines.

Table 5. Steady state value of ¢y, absolute value of the electron

currents that flow from II to I (|1j; ,|), injected ion current I}"f
Results for configurations A-D are reported.

b1 (V) | (A) I (A)
A 71.5 — 0.145
B 71.6 — 0.145
C 68.4 0.05 0.145
D 51.0 7.85 0.145

value of the potential drop across the plume that is 3 V lower
than in configurations A and B.

Figure 9 shows the normalized VDF of the electron popula-
tion in the proximity of the surface I for configurations C and
D. Electrons are sorted depending on the thruster from which
they have been emitted. Their distribution function is denoted
VDF,; and VDF, j;, respectively. The notation VDF, indic-
ates the distribution function of the entire electron population.

Table 6 displays the average temperature 7, ; and density n, g
of the electron population in the proximity of the surface I. The
subscript s refers to the surface from which electrons are ejec-
ted. Results confirm that the magnetic topology has a major
influence on the electron’s dynamics. In configuration C, T, it
is almost twice T, 1 and n, y1 is two orders of magnitude lower
than n.; because only the most energetic electrons that exit
from II can detach from the magnetic field lines and arrive in
the proximity of I. It is interesting to note that n, y; is so small
that VDF, and VDF, ; are almost identical.

Table 7 shows the probabilities associated with VDF, .
It is interesting to observe that VDF, y is truncated for v >
4.6 x 10° m s~! for configuration C. In fact, the electron pop-
ulation ejected from thruster II is composed completely of
‘trapped’ electrons with E, < 0 since electrons with Eyy > 0
have enough energy to reach infinity once detached. In con-
figuration D, T,y is only 1.9eV higher than T,y and n,y is
of the same order of magnitude of n, ; because electrons emit-
ted from thruster II do not need to detach to get close to I.
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Figure 9. Normalized VDF (dash-dotted line) for configurations C
and D calculated considering the electron populations inside a
cylinder with a height of 100 mm, a radius of 50 mm and placed in
front of thruster I. VDF are computed also evaluating only the
electrons ejected from I (solid line) and from II (dashed line).

Table 6. Average temperature 7, ; and density 7. s of the electron
populations inside a cylinder with a height of 100 mm, a radius of
50 mm and placed in front of thruster I. The subscript s refers to the
surface from which the electrons are ejected.

T.1(eV) T, (eV) Rey (m™?) Mot (M™?)
C 8.6 15.3 1.6 x 10'° 6.2 x 10"
D 7.4 9.3 1.3x10'° 6.3 x 101

Table 7. Probabilities associated with the VDF, j of figure 9.

P(V>4.0-10°ms™!) P(V>4.6-10°ms™")

6.7%
1.8%

0.0%
0.4%

wN@!

Therefore, a significant number of electrons flow from II to I,
even those with relatively low energy. Interestingly, the num-
ber of electrons arriving from Il is large enough to cause VDF,
to be different from VDF, ;. Itis also interesting to observe that
VDF, 11 is not truncated for configuration D.

4.4. Plasma acceleration and ions’ flux

Since ions are accelerated outward by the ambipolar electric
field, their speed is strongly related to the potential drop across
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Figure 10. Comparison between the results obtained for
configuration A (solid line), B (dashed line), C (dash-dotted line)
and D (dotted). Plasma potential ¢ (a) and ion speed |v;| (b) are
depicted along the line 0 < z < 0.8 m, y=0m, x = —0.05 m.

the plume. The relation between the ion speed |v;| and plasma
potential ¢ is shown in figure 10, that reports ¢ and |v;| along
the line 0 < z < 0.8 m, y=0 m, x = —0.05 m (i.e. axis of the
thruster 7). In configuration C, the reduction of 3 V in the
potential drop causes a reduction of 2.1% of the ion speed at
z=0.8,y=0m, x = —0.05. In configuration D, a reduction of
approximately 20 V in the potential drop causes the speed to
decrease by 21.0%.

The speed of the ion population injected from 7 |v; ;| on the
x—z plane is shown in figure 11. Figure 12 shows the current
density J; ; of the ion population injected from /I on the z..f =
0.1 m plane. The red contour in figure 12 corresponds to the
minimum area whose integral of J;; is equal to 0.85- I} =
0.123 A. The maximum distance between the red contour and
the 7 center is denoted with 4. The divergence angle 6; of the
four configurations, reported in table 8, is computed according
to:

01 = cos™ (2wt /o) (15)
In configurations B and C, the plasma following the magnetic
lines is deviated radially, generating a strongly non axysim-
metric current density J;;. Additionally, when thruster II is
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Figure 11. Ton’s speed |v; | associated to particles injected from I; data reported on the x—z plane for configurations A-D.

turned on, it acts as a positive potential barrier, causing an
even more pronounced asymmetry in the ion flux. This is espe-
cially noticeable when comparing ion speed and the shape
of the red contour in configurations B and C. It is interest-
ing to observe that the divergence angle is similar in con-
figurations A—C. Instead, in configuration D, the plasma fol-
lows the closed magnetic field topology, causing a reduction
of the divergence angle of ~15.0°. The significant distance
between the two thrusters ensures that the positive potential
peak of thruster II affects only a small fraction of ions injected
from 1. This is because the current density at the coordinates
(x=—0.05,y=0, z=0.1 m) is over ten times higher than the
current density at the point (x=0.05, y=0, z=0.1 m).

4.5. Discussion

The results presented in this section suggest that three different
phenomena can influence the performance of a HPTs’ cluster.

The first phenomenon is related to how the HPTs’ cluster-
ing affects the shape of the magnetic field lines. The plasma

follows the magnetic lines; therefore, the magnetic topology
affects the shape of the plume and, consequently, the direc-
tion of ion flux. The results show that the divergence angle
decreases when the magnetic field has a closed line configur-
ation, such as when thrusters with opposite polarities of the
magnetic field are arranged as in configuration D. Notably, the
decrease in the divergence angle in a closed line configura-
tion has also been observed in previous simulations of a MAT
thruster [44]. A—C exhibit nearly identical divergence angles,
but their plume directions differ primarily due to the orienta-
tion of the magnetic field lines. It is worth to observe that in
previous experiments discussed in [43, 45], solenoids with the
same polarity were tilted to have a magnetic field more par-
allel to the z axis in the thruster outlet proximity. This design
has enabled better collimation of the ion flux and suggested
an improvement in cluster performance compared to a single
thruster.

The second phenomenon is the effect that a second thruster
has on the potential drop across the plume since it affects the
acceleration of the ions. This effect appears strongly connected
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Figure 12. Ion current density J; ; associated to particles injected from I on the z = 0.1 m plane for configurations A-D.

Table 8. Divergence angle ; for configurations A-D.

61
A 69.8°
B 70.0°
¢ 69.5°
D 54.6°

to the electrons that flow between thrusters, affecting the elec-
tron current and, consequently, the potential drop needed to
maintain the plume current-free. The results show that the
electron current flowing between thrusters is strongly depend-
ent on the topology of the magnetic field lines and is signific-
antly enhanced for a closed line configuration.

The third phenomenon is the effect that a second thruster
has on the potential shape. When the second thruster is turned
on, it creates a second potential peak which acts as a barrier
for ions that have exited from the first thruster, resulting in
a non-symmetrical ion flux. The influence of this potential
peak is expected to depend strongly on the distance between
the thrusters. In our study, the thrusters seem sufficiently far
enough that this phenomenon does not significantly affect the
system’s dynamics.

Table 9 shows the thrust 7" and the specific impulse Iy
obtained for the four configurations. The plasma profiles in
configurations C and D are not the linear superposition of
configurations A or B. Thus, the thrust produced by the cluster

Table 9. Thrust T and specific impulse Iy, for configurations A-D.

T (mN) I, (s)
A 1.20 613
B 1.14 584
C 2.20 560
D 1.94 497

is not simply double the one obtained with a single thruster. To
quantify the cluster’s influence on the propulsive performance,
the specific impulse obtained in configuration A is compared
with the ones obtained in configurations B, C, and D.

Being in configuration B, the thruster II turned off, the clus-
tering can affect the thruster performance only by modifying
the shape of the magnetic field lines (the first phenomenon
previously identified). The potential drop in configuration B
is approximately the same as in configuration A. The reduc-
tion of Iy, by approximately 5% compared to configuration A
is therefore caused by the deflection of the ion flux direction
due to the first phenomena.

Configuration C has the same magnetic field as configur-
ation B, but the potential drop in configuration C is approx-
imately 3 V lower than in configuration A due to the second
phenomenon. The thrusters in configuration C are far enough
that the third phenomenon does not affect the divergence angle
and, therefore, the performance. Consequently, configuration
C has an I, that is reduced by approximately 8.6% compared
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to configuration A due to the deflection of ion flux caused by
the first phenomenon and a decrease in ion acceleration caused
by the second phenomenon.

In configuration D, the first phenomenon causes the two
plasma fluxes that exit from I and II to combine into one flux
with a reduction in the divergence angle. The potential drop in
configuration D is approximately 20 V lower than in config-
uration A due to the second phenomenon. The acceleration of
the ion is much lower in configuration D than in other config-
urations due to the significant reduction of the potential drop.
Consequently, despite the reduction in the divergence angle,
the specific impulse I, in configuration D is 23.3% lower than
in configuration A.

5. Conclusions

In this work, a 3D numerical study of the plasma dynamics
in a HPTs’ cluster has been presented for the first time. The
physical investigation was conducted using ProPic, a 3D PIC-
MCC code designed to simulate the plasma dynamics in mag-
netic nozzles and in a non-axisymmetric domain. The code
has been validated against experiments reported in the literat-
ure and cross-validated with Starfish, an open-source 2D PIC
software. The physical investigation has revealed a non-trivial
mutual influence of the thrusters in a HPTs’ cluster. Three dif-
ferent phenomena that affect the cluster’s performance have
been identified.

(i) The first phenomenon is related to how the HPTs’ cluster-
ing affects the shape of the magnetic field lines. Our res-
ults show, as previously observed in simulations of a MAT
thruster [44], that the divergence angle decreases when
the magnetic field has a closed line configuration. When
the solenoids of the two thrusters have the same polarity,
the direction of the ion flux deviates resulting in a slight
decrease of the propulsive performance. It is worth noting
that this phenomenon could increase the collimation of
the ion flux and, consequently, the thruster performance
with an appropriate design, such as inclining the direction
of the solenoids as in the previous experiments presented
in [43, 45].

(i) The second phenomenon is the effect that a second
thruster has on the potential drop across the plume.
This effect is linked to the electrons that flow between
thrusters, reducing the net electron current and, con-
sequently, the potential drop needed to keep the plume
current-free. Our results show that the electron current

flowing between thrusters is strongly dependent on the
topology of the magnetic field lines and is enhanced when
the solenoids of a cluster have a closed line configuration,
resulting in a considerable reduction of the performance.

(iii) The third phenomenon is the effect that a second thruster
has on the potential shape. When the second thruster is
turned on, it creates a second potential peak which acts
as a potential barrier for ions that exited from the first
thruster. In this study, the thrusters seem to be sufficiently
far that the divergence angle is not significantly affected
by this phenomenon. It is expected that the influence
of the potential peak strongly depends on the distance
between the thrusters and on their number. Additional
investigation is required to determine if this phenomenon
can be utilized to enhance the performance of clusters or
change the direction of the ions’ flux, or if it is generally
negligible in practical designs.

Future work will focus on improving the performance of a
HPTs’ cluster. This will involve looking at different inclina-
tions of the solenoids and changing the number of thrusters
and their positions. Further investigation is needed into the
physical role of collisions and the interactions with the plasma
sources. The particle flux that flows between the thrusters is
expected to affect the source performance, and this could be
analyzed using a fluid code such as 3D-VIRTUS [11].

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Appendix A

Table 10 shows the current balance for s =I, II, III, IV. For
configurations A and B, the surface II and III are merged in
a unique surface referred to as III*. The steady state values
of the injected current 15", the absorbed current /> and net
current /; are reported for ions and electrons. For every sur-
face the sum of the ion net current /; and the electron current
1, is zero. Therefore the control loop described in section 2.4
ensures the current-free condition. In configuration D, there
is a significant difference in the electron-injected current (I;")
compared to configurations A—C. This is attributed to the sub-
stantial electron current flowing between the two thrusters as
indicated in table 5.
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Table 10. Steady state value of i, I and I, for s = I, I, III, IV. For configurations A and B, II and III are merged in a unique surface

referred to as IIT*.

Configuration A M (A) ™ (A) L=1" — I (A) M (A) % (A) I, =M — pbs
I 0.145 0 0.145 —46.628 —46.483 —0.145
- 0 0 0 0 0 0
v 0 0.145 —0.145 0 —0.145 0.145
Configuration B M (A) I (A) L=1" — ™ (A) I (A) 2 (A) Jo= 1M s
I 0.145 0 0.145 —48.013 —47.868 —0.145
r* 0 0 0 0 0 0
v 0 0.145 —0.145 0 —0.145 0.145
Configuration C M (A) £ (A) L=1Y — > (A) Y (A) £ (A) Io=1Y —
I 0.145 0 0.145 —47.185 —47.04 —0.145
1I 0.145 0 0.145 —47.185 —47.04 —0.145
il 0 0 0 0 0 0
v 0 0.29 —-0.29 0 —0.29 0.29
Configuration D Ii-nj (A) I?bs (A) I = mJ [abg (A) Iienj (A) Igbs (A) I, = ll’l_] Iabg
I 0.145 0 0.145 —99.145 -99 —0.145
I 0.145 0 0.145 —99.145 -99 —0.145
11 0 0.04 —0.04 0 —0.04 0.04
v 0 0.25 —0.25 0 —0.25 0.25
Appendix B 0.3 8.0
A sensitivity analysis has been conducted to examine the non- 0.2
uniform radial plasma density profile at the thruster outlet 6.5
and its impact on the propulsive performance. Configuration 0.1 '
C has been studied considering that the plasma at the source ) ~
outlet exhibits a self-similar normalized radial profile that 'g =
reads [106]: = 0.0 50«
> —
flp) = [1 _ ( hl/') } (16) —0.1 =
3.5
Here, Rg is the source tube radius, which has been con- —-0.2
sidered equal to d,/2, p=r/R; represents the normalized
radial coordinate, with s =2 and 7= 6. The parameter /s, can —0.3 2.0

be computed according to [106]:
0.4
hg x* ————,
1+ c(Ry/rei)’

where r,; is the ion cyclotron radius and ¢ = 0.68. In particular,
h, =~ 0.055 for configuration C. The results obtained with the
non-uniform radial plasma density profile will be referred to
as ‘configuration E’.

Figure 13 shows the current density J; ; associated with the
particles injected from I on the z.f = 0.1 m plane. The cor-
responding divergence angle is f; = 56.5°, about 13° lower
than in configuration C. Indeed, J;; at the outlet’s center is
2.71 times larger in configuration E than in configuration C.
Consequently, a larger portion of the overall ion flux stays
closer to the thruster’s axis, namely the line 0 < z < 0.8 m,
y=0m, x =—0.05m.

a7

-0.2 0.0
Xx[m],z=0.1m

0.2

Figure 13. Ion current density J; ; associated to particles injected
from / on the z = 0.1 m plane for configurations E.

In configuration E, the current |Ij | is equal to 0.038 A,
indicating a slight decrease compared to configuration C (see
table 5). This reduction is likely attributed to the diminished
divergence angle. Due to the lower |/f; |, the steady state val-
ues of ¢; increase to 70.0'V, in accordance with the physical
analysis presented in section 4. A comparison between config-
urations C and E is shown in figure 14 in terms of ¢ and |v;|
along the thruster’s axis. The potential drop and, consequently,
the ion acceleration’s on the z line are very similar. The specific
impulse is calculated to be 650 s, exhibiting an increment com-
pared to the value obtained in configuration C (see table 9).
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Figure 14. Comparison between the results obtained for
configuration C (solid line) and E (dashed line). Plasma potential ¢ (b)
and |v;| is depicted along the line 0 < z < 0.8 m, y=0m,
x=—0.05m. 70 —— C collisionless
== C with collisions
60
This result can be attributed to the reduction in the divergence >0
angle. 540
S

Based on the findings presented in this section, it is evid-
ent that the non-uniform radial plasma density distribution at
the thruster outlet has a non-negligible impact on the traject-
ory of ions and consequently affects the performance of the
thruster. Despite that, all results are in perfect accordance with
the physical analysis presented in section 4.

Appendix C

Configuration C has been simulated accounting for the col-
lisions described in section 2.1. The mass utilization effi-
ciency has been assumed equal to 7, = ri7; /in = 0.98 for both
thrusters [92], where m; the ion mass flow rate at the thruster
outlet. The plasma potential ¢ is depicted in figure 15 and the
ion plasma density #; in figure 16. Specifically, a comparison
against the results obtained in section 4 for the collisionless
case is reported along the z and x axes for the parameters ¢, n;,
and n,. Collisional and collisionless results are similar. Thus,

0.0 0.1 0.2 03

x[m],z=0.08 m

(c)

-0.1

-0.3 -0.2

Figure 15. (a) Plasma potential ¢ on the x—z plane for configuration
C accounting for collisions. Comparison between collisional (solid
line) and collisionless (dashed line) results on the line (b)
0<z<0.8m,y=0m,x=—0.05m, and (¢c) —0.3 < x < 0.3 m,
y=0m, z=0.08 m.

the conclusions of the physical analysis presented in section 4
can be considered reliable. The three main phenomena that
affect the cluster’s dynamics are the geometry of the magnetic
field lines, the flux of electrons flowing between the thrusters
and the arising of potential peaks in front of each outlet.
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Figure 16. (a) Ion plasma density n; on the x—z plane for
configuration C accounting for collisions. Comparison, in terms of
ion (n;) and electron (n.) density, between collisional (solid line and
dashed line) and collisionless (dashed dot line and dotted line)
results on the line (b) 0 < z < 0.8 m, y=0m, x = —0.05 m, and

(c) —03<x<03m,y=0m, z=0.08 m.
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