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Within the framework of test setups for gridded ion thrusters (RITs), diagnostics of the
plume are vital for evaluating the thruster’s performance. The most important parameters
are the distribution of ion and electron velocities, number densities and the plume plasma
potential. In a recently carried out test campaign of a mN-class RIT, emissive and Langmuir
probes were used to evaluate the plume plasma properties. As also observed for other
thrusters such as Hall thrusters, probe measurements of ion beam plumes are found to
exert a significant disturbance on the self-neutralization process of the beam, leading to
increased plume potentials and different plasma number density compared to non-disturbed
ion beams.

Nomenclature

∆t = discrete time step

∆x = discrete cell size

ux = axial velocity component

dref = (variable) hard sphere diameter

m = mass

n = number density

i = subscript: species i

I = current

E = energy

e = elementary charge

e− = electron species

j = current density

Z+ = ion species

dij = center-center distance

Kn = Knudsen number

λ = mean-free path

L = characteristic length

σ = collision cross-section

B = magnetic vector field

E = electric vector field

T = temperature

P = probability

ϕ = electric potential

U = voltage

Q = charge

T = thrust

F = force

ṁ = mass flow

A = area
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I. Introduction

Developing electric satellite propulsion systems (EPs) requires extensive experimental testing for eval-
uation of performance and lifetime of a thruster. Performance assessment is usually carried out using
invasive measurement probes that are capable of measuring plasma properties such as the beam current
or plasma potential, since the number density of the plasma species, i.e. nZ+ and ne− , are in regimes
(1 × 1013 to 1 × 1016 m−3) that make non-invasive measurements a difficult undertaking.

The objective of this study is to demonstrate that the presence of invasive probes within the plume of
EPs, specifically RITs, has a significant impact on the plasma potential in the downstream region of the
thruster, potentially falsifying some important experimental results such as the erosion rate on a thruster’s
exhaust components. Further, the spatial measurement device position relative to the exhaust plume is
shown to govern the intensity of how much the self-neutralizing process of an uncompensated ion beam is
disturbed. It is common practice to operate small RITs in the µN thrust regime without a neutralizer in
vacuum testing facilities, relying entirely on the self-neutralizing phenomenon elicited by secondary electron
emission (SEE) through the ion beam interaction with the facility walls, as a neutralizer would introduce
too much neutral gas in the vicinity of the thuster.

Diagnostics of invasive plasma probes for EPs are described in detail by Lobbia et al.1 and Sheenan
et al.2 The importance of probes being in direct (electrical) contact with the plasma for determining the
plasma potential ϕ is discussed in Refs.3–5 Riege et al.6 elucidated on the effects of ion beams blowing up in
uncompensated conditionsa.

One of the key quantities influencing erosion rates on thruster components affected by the exhaust plume
is the plasma potential. For instance, pit and groove erosion occurring on the decel grid is mainly governed by
the impact energy and flux of bombarding ions coming from the exhaust plume. The higher the difference of
potential between the decel grid and exhaust plume, the more acceleration the impacting ion will experience.
Additionally, a higher exhaust potential will result in the ion beam slowing down, increasing the probability
of charge-exchange (CEX) events and yields higher production rates of slow CEX ions, which account for
most of the erosion of the decel grid.7

In this study, proving the self-neutralization disturbance and beam potential blow-up through presence
of invasive probes was achieved by carrying out Langmuir and emissive probe testing of a µN RIT as well
as by means of numerical modeling, obtaining good agreement with results determined in the experiments.

II. Methodology

A. Experimental testing

The experiments were carried out in the in-house vacuum testing facility R2D2. The total volume is 4.5m3

and includes various pumps (turbomolecular, cryogenic, and rotary vane type) to establish vacuum conditions
of 1 × 10−5 Pa before, and 1 × 10−4 to 3 × 10−4 Pa during thruster operation. The probes were mounted on
two units that allow translational movement in one direction, i.e., one in the x− and one in the y−direction
and measuring steps of 10mm in each spatial direction were performed. A schematic of the thruster and
diagnostic setup is shown in Fig. 1, highlighting the two Langmuir (probes 1 and 3) and two emissive probes
(probes 2 and 4).

Probe 1 determines the distance of the measurement apparatus from the thruster’s exit plane x = 0
and was the total range of ∆x = 5 to 100mm, while the total range of ∆y = −50 to 50mm. The thruster
is described in detail by Feili et al.8 and was used as the ion source. The calibration and setup of probe
diagnostics is outlined in the publication of Kozakov et al.9 As demonstrated there, the effects of disturbance
should not only be apparent at the probes themselves, but clearly visible also at the secondary-star-ground
(SSG) as well as at the currents measured at the first (screen) and secondary (accel) grids of the thruster.

B. Numerical modeling

The general simulation setup was split into two coherent parts. The first simulation was used to model the
flow of only the neutral gas, since the differences in number density between the plasma and the propellant

aUncompensated conditions are defined as a scenario where the positive space charge produced by an ion beam is not
neutralized by lack of electrons. A local positive potential is formed leading to radial repulsion of an ion beam downstream of
the stream direction
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Figure 1. Schematic of experimental setup. µN-RIT on the left side and probes located inside the ion beam
with axial (∆x) and radial (∆y) shifting throughout the centerline plane. The apparatus serves for measuring
the plasma potential, electron number density and temperature, respectively.

are of at least one magnitude in the exhaust plume, making direct collision modeling between these species
negligible. The results for this first simulation were then time-averaged to obtain a mean spatial distribution
of the neutral gas number density, temperature, and velocity. This volumetric field was then utilized as a
(constant) background gas in the plasma simulations in order to model several reactions and interactions
between the plasma and the neutral species without directly resolving all collisions with the Direct-simulation
Monte-Carlo (DSMC) method.

1. Neutral gas

The neutral gas propellant was monoatomic xenon and an ionization efficiency of 5% assumed.10 Based on
the mass flow of propellant during standard operation, and previous in-house simulations of the discharge
chamber, a specific number density, temperature and axial inlet velocity could be determined at the vicinity
of the screen grid inside the discharge chamber, serving as inlet conditions for the neutral gas simulation.
The employed DSMC code was the open source software PICLas11–13 and a fully-structured hexahedral mesh
was devised with the criteria to locally resolve the mean free path and, on average, have no less than five
particles per simulation cell. Further, an appropriate time step was chosen to ensure that the ratio between
the time step and mean collision time in each cell remains below unity at all time. For collision modeling,
the variable hard sphere (VHS) model by Bird14 was used for Xe–Xe collisions. A reference kinetic diameter
of 574 pm, viscosity coefficient of 0.85, temperature exponent of 273K and reference velocity of 210m s−1

were used.15

2. Plasma species

The plasma is simulated with the Particle-in-Cell (PIC) method and DSMC collisions are taken into account
for each species binary collision combination. The electro-magnetic field is assumed stationary and a higher-
order discontinuous Galerkin (HODG) Poisson solver is employed according to the governing equation

∇ ·E = ∇2ϕ = −ρ

ϵ
. (1)

A fully-kinetic approach is utilized, tracking all charged species in space and time, as the Boltzmann
relation assumption is not applicable for the investigated scenario with non-equilibrium regions. The plasma
species consist of singly- and doubly charged xenon ions, and electrons. Each time step, all species are
checked for collisions in each cell, including collisions with the neutral background gas, based on the collision
probability that is determined from the kinetic energy and number density of the respective colliding species.
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Figure 2. Schematic of numerical boundary conditions for the plasma simulations, highlighting the process
of self-neutralization through SEE electrons attracted by the positive plasma potential of the exhaust plume.

Moreover, the colliding species are checked if certain reaction criteria are met. The considered reactions
include

Xe + e− −−→ Xe+ + e− + e− (2)

Xe + Xe+ −−→ Xe+ +Xe (3)

Xe+ + e− −−→ Xe++ + e− + e− (4)

Xe + Xe+ −−→ Xe + Xe++ + e− . (5)

Reaction-based chemistry is realized by means of cross-section databases provided by the software
LXCat.16 A schematic of numerical boundary conditions is shown in Fig. 2. Estimating the plasma po-
tential at the inlet is realized by plasma sheath theory12

ϕp = −kBTe

e
· ln

(
uin
Xe+

√
2πme

kBTe

)
, (6)

and the inlet velocity of electrons and ions is assumed to be 1.5× the Bohm velocity

uBohm =

√
kBTe

mXe+
with Te ≈ 5 eV . (7)

Thus, at the inlet, fixed Dirichlet conditions are enforced for the potential, and plasma species properties.
The potential of the each RIT grid is fixed according to the operating voltage, where ϕdecel = 0V. The
boundary conditions of the probes are considered dielectrics, allowing charges to accumulate on the surface,
while the measurement metal wires on top are allowed to float, based on the incoming flux of ions and
electrons. At the outlet, a virtual SEE chamber is assumed, where in steady-state, the flux of impacting
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ions equals the flux of emitted electrons. Hence, for each ion crossing the outlet, an electron is emitted with
a random temperature according to a Maxwell-Boltzmann probability density distribution of Te = 3 eV.

The mesh for the plasma simulations was iteratively devised in order to adequately resolve the Debye
length of the electrons. The adjustment of the constant time step ∆t underwent the same procedure, yielding
∆t = 5× 10−12 s, while a total number of fully-structured hexahedral cells of 1.5million was devised.

III. Results and discussion

Experimental results of the measured radial-axis potential ϕ(y) are shown in Fig. 3 for various distances
from the thruster exit plane. It is evident how the potential increases significantly from several volts up to
few hundreds of volts as soon as the probes are located inside the exhaust plume. This finding is undermined
by the fact that the blow-up extends further in radial distance for measurements taken at greater downstream
distances due to the divergence of the ion beam.
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Figure 3. Radial probe measurement values of plasma potential during shift through exhaust plume. Clearly,
an indication of potential blow-up is visible, reaching it’s maximum at the centreline (∆y = 0).

The numerical results are illustrated in Fig. 4, showcasing the electron number density, xenon ion number
density, xenon ion velocity, and plasma potential, respectively (row-by-row). The two columns delineate the
two cases where no probes are located inside the beam (column 1) and the case where the probes are placed
exactly at the centerline of the exhaust plume (column 2). In the disturbed case, the probe 1 was placed
10mm downstream the thruster exhaust plane.

The electron number density in the first row indicates that the disturbed case results in the presence of
more electrons in the probe area. In the second row, the xenon ion number density exhibits smooth contours
and divergence and low beam divergence when no probes are present. However, the slowing down of ions
close to the probes (row 3) suggests larger collision probabilities and the production of CEX ions in the
probe region. Consequently, some random traces of radially escaping ions coupled with an increased beam
divergence are found. The most severe difference is obtained for the plasma potential. In the undisturbed
case, the values are in the range of a few volts, agreeing well with predictions made by plasma theory. Placing
the probes inside the ion beam leads to a blow-up by several hundreds of volts, slowing down the ions and
interfering with the SEE self-neutralization process by acting as a sink for fast moving electrons in bounded
plasmas.

This circumstance is also reflected in Fig. 5, illustrating an axial centreline plot of the plasma potential
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Figure 4. PIC-DSMC results for the fully undisturbed and fully disturbed cases, showing evidence of severe
plasma disturbance by the presence of the probes inside the beam. Probes are place at a downstream distance
of ∆x = 10mm. The left column indicates the undisturbed case, the right column the disturbed case. Row 1:
Electron number density (log scale); row 2: ion number density (log scale); row 3: ion velocity; row 4: plasma
potential.
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Figure 5. Axial centreline plot of plasma potential for the disturbed and undisturbed cases. Spatial probe
placements are indicated by the grey areas.

ϕ(x) at y, z = 0. Clearly, the disturbed self-neutralization process results in up to 350V of plasma potential
according to the simulated case and is in good agreement with the values obtained in the experiment.

IV. Conclusion

An experimental and numerical study was performed in order to prove that the presence of probes
located in the exhaust plume of EP thrusters (in our case a mN-RIT) exerts significant influence on the
plasma properties when the process of space charge compensation relies on SEE through facility effects.
Indeed, our study demonstrates an increase of the plasma potential by several hundreds of volts, proving
the importance of exercising endurance or erosion tests without emissive probes, as the increased plasma
potential would lead to much higher acceleration rates of CEX ions produced close to the thruster in the
exhaust plume.
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