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Abstract— This work presents the numerical optimization of
a radio-frequency (RF) inductively coupled plasma gridded ion
thruster using argon. A corrected zero-dimensional global model
computed plasma and thrust-related quantities, while Bayesian
optimization explored reactor diameter, length, and RF power.
Two correction layers avoided overly optimistic predictions: a
Child–Langmuir current-extraction limit and a realistic system-
level penalty including beam, grid, power-processing-unit, and
neutralizer efficiencies, with a commercial thrust-to-power cap
of 45mN/kW. The geometry-only study at 900W indicates
that larger diameters and shorter lengths favor thrust. In the
three-variable optimization, the best Child–Langmuir-limited
point occurrs at D = 18 cm, L = 5 cm, and PRF ≈ 765W,
yielding 63.6mN; after the realistic penalty, the best point
became 45mN at 1kW. Comparison with the ArianeGroup
RIT family, QinetiQ T5/T6, and NASA NEXT shows that the
penalized model falls within a commercially plausible gridded-
ion-engine envelope.

Keywords— Argon plasma, ion thruster, Bayesian optimiza-
tion.

I. INTRODUCTION

Electric propulsion is increasingly relevant for orbit raising,
station keeping, and deep-space missions due to its high
specific impulse and low propellant consumption [1]. Among
electric propulsion systems, gridded ion engines are especially
attractive because they provide stable and efficient low-thrust
operation. A particular class of these devices employs radio-
frequency (RF) plasma generation, which removes the need
for an internal cathode in the discharge stage and is exem-
plified by the ArianeGroup RIT family. At the same time,
Kaufman-type gridded ion engines such as the QinetiQ T5 and
T6 and the NASA NEXT thruster define important reference
levels in terms of thrust, power, and thrust-to-power ratio.

Although xenon remains the dominant propellant in com-
mercial gridded ion engines due to its favorable ionization
characteristics and high atomic mass, alternative propellants
have attracted increasing interest in recent years. Among
them, argon represents a promising candidate because of
its low cost, wide availability, and compatibility with radio-
frequency plasma generation systems which reduces operati-
onal costs and facilitates scalability and experimental deve-
lopment of electric propulsion technologies when compared
to xenon or other propellants. In addition to economic advan-
tages, argon plasmas exhibit favorable ionization pathways
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associated with excited and metastable states. These long-
lived excited states act as intermediate energy reservoirs and
enable stepwise ionization mechanisms, effectively reducing
the energy required to generate ions after initial excitation
events [2].

Table I summarizes representative characteristics of selec-
ted propellants for electric propulsion and highlights the trade-
offs between ionization requirements, propellant mass, and
economic accessibility.

Table I
REPRESENTATIVE CHARACTERISTICS OF SELECTED ION-THRUSTER

PROPELLANTS

Propellant Atomic mass (u) First ionization energy (eV) Relative cost
Xenon 131.3 12.13 High
Krypton 83.8 14.00 Medium
Argon 39.9 15.76 Low
Iodine1 126.9 10.45 Low–Medium

Compared with xenon and iodine, argon requires higher io-
nization energy but benefits from low cost, broad availability,
and favorable excitation–ionization pathways represented in
Table II.

Table II
REPRESENTATIVE IONIZATION THRESHOLDS IN THE ARGON CHEMISTRY

Process Threshold (eV)
Ar → Ar+ 15.76
Arm → Ar+ 4.43
Arr → Ar+ 3.96
Arp → Ar+ 2.26

Although the physics of ion thrusters is well established, de-
sign optimization remains a multiparametric problem. Chan-
ges in chamber diameter and length modify discharge volume,
wall area, plasma density, wall losses, inductive coupling,
and extraction conditions. Likewise, RF power strongly af-
fects plasma production but may lead to non-extractable ion

1Iodine is stored and fed as molecular vapor (I2), requiring a thermally
controlled sublimation system distinct from the pressurized-gas feed used for
Xe and Ar; the ionization energy listed refers to the atomic species produced
after dissociation.



current if the Child–Langmuir limit is exceeded. Because a
full parametric sweep is expensive and nonlinear, Bayesian
optimization is a suitable strategy to guide the search for
high-performance designs with a limited number of model
evaluations.

The objective of this paper is to present a compact scientific
assessment of the developed workflow: (i) a corrected global
model of an RF inductively coupled gridded argon ion thrus-
ter; (ii) Bayesian optimization of reactor diameter, reactor/coil
length, and RF power; and (iii) a realistic comparison against
representative commercial gridded ion engines.

II. MODEL AND METHODS

The discharge chamber was modeled as a cylindrical reactor
of radius R and length L. The global model includes neutral
argon, positive ions, excited argon states, electron energy
balance, gas energy balance, wall losses, and an RF induc-
tive coupling model [3]. The model resolves the population
balance of two metastable/resonant 4s levels (Arm, Arr) and
one 4p-derived level (Arp) individually, each governed by
its own rate equation and coupled through electron-impact
excitation, de-excitation (superelastic collisions), radiative de-
cay, and stepwise-ionization reactions, as summarized in Table
II. The aggregate effect of this excited-state network on the
electron energy balance is captured through the collisional
energy term ϵc(X), following the formulation of Magaldi et
al. [2]. While the global (0-D) nature of the model does not
resolve spatial gradients in excited-state density, the temporal
evolution of each excited population is tracked individually
within the volume-averaged balance.

For the geometry study, the design variables were the
internal diameter D = 2R (6–18 cm), the reactor/coil length
L (5–20 cm), and the RF power PRF (200–1200W). The coil
radius was linked to the chamber radius through a constant
clearance of 1 cm, and the number of turns was fixed at
N = 5.

To keep the operating pressure consistent with the nominal
2mTorr condition, the inlet neutral source term was updated
for each geometry according to the neutral flow expression

Q0 =
ngvgAg

4
(1)

where ng is the neutral density, vg is the thermal neutral
speed, and Ag is the neutral-exit area. The coil inductance
was updated as

Lcoil =
µ0πR

2
cN

2

L
(2)

where Rc is the mean coil radius. Bayesian optimi-
zation was implemented with Gaussian-process regression
and Expected Improvement [4]. In addition to the raw th-
rust, a Child–Langmuir-limited thrust was defined. When
the predicted extracted ion current density Ji exceeded the
Child–Langmuir limit JCL, the ion-thrust contribution was

reduced proportionally while the neutral-thrust contribution
was preserved:

TCL =
TiJCL

Ji
+ Tg, if Ji > JCL (3)

TCL = Ttotal, if Ji ≤ JCL (4)

A second engineering correction was then applied to obtain
a realistic performance metric

Treal = min(TCLηbeamηgridηPPUηneut, 45PkW) (5)

with ηbeam = 0.90, ηgrid = 0.95, ηPPU = 0.92, and
ηneut = 0.90, yielding a global factor ηglobal = 0.70794.
The term 45PkW imposes an upper commercial envelope of
45mN/kW for gridded ion engines.

III. RESULTS AND DISCUSSION

In the geometry-only optimization at 900W, the Bayesian
map indicated a clear tendency toward higher thrust for larger
diameters and shorter reactor lengths. The best geometry
found in this study was D = 18.0 cm and L = 5.0 cm, with a
raw thrust of 104.9mN, an electron temperature of 3.76 eV,
a gas temperature of 315.5K, and an RF coupling efficiency
ηICP = 0.813. As shown in Fig. 1, the uncertainty map
confirms that the Gaussian-process surrogate rapidly identified
the most promising region of the design space.

Fig. 1. Bayesian map of predicted maximum thrust in the D–L space after
optimization over RF power.

The favorable region identified by the optimizer can also
be interpreted from the plasma kinetics represented in the
reaction mechanism. Since the model includes excitation and



ionization pathways involving metastable and electronically
excited argon populations, absorbed RF power contributes not
only to direct ion generation but also to the accumulation of
intermediate energetic states.

The favorable region identified by the optimizer is con-
sistent with the role of the excited-state network described
in Section II. To quantify this contribution, the complete
chemistry (retaining Arr and Arp) was compared against
a reduced set in which both levels — and every reaction
involving them — were removed, leaving only the ground
state, the ion, and the metastable level. Table III reports
the steady-state results at PRF = 900W and the reference
geometry.

Table III
EFFECT OF CHEMISTRY COMPLEXITY ON STEADY-STATE PLASMA AND

THRUST AT PRF = 900W, REFERENCE GEOMETRY.

Quantity Complete Reduced ∆
Te (eV) 3.525 3.830 +8.7%
ne (m−3) 1.099× 1018 1.257× 1018 +14.4%
Total thrust (mN) 41.5 49.6 +19.5%
ηICP 0.557 0.561 +0.7%

Removing the resonant and 4p levels eliminates two
electron-energy-loss channels (excitation to Arr/Arp and the
associated radiative cascade) while leaving the metastable-
mediated stepwise pathway of Table II intact. The reduced
chemistry therefore channels a larger fraction of the absorbed
power directly into ionization, which results in higher equili-
brium values of Te and ne and a predicted thrust increase of
approximately 20%. This indicates that the geometric prefe-
rence for larger diameters and shorter lengths — which lowers
the relative wall-loss area and leaves more power available for
the excitation-ionization network — is reinforced, not merely
paralleled, by the excited-state kinetics resolved in the model.

From a plasma-chemistry perspective, these operating
trends are also compatible with the presence of intermediate
excitation pathways represented in the reaction mechanism.
Because the model includes metastable and electronically ex-
cited argon states, part of the absorbed RF energy contributes
to the accumulation of excited populations before conversion
into ion current. This effect may reduce the effective energetic
burden associated with direct ionization and contribute to sus-
taining discharge performance across the optimized operating
region.

When RF power was added as a third design variable, the
Bayesian optimizer converged toward the same high-diameter,
short-length region. The best Child–Langmuir-limited point
was obtained at D = 18.0 cm, L = 5.0 cm, and PRF =
765W, resulting in a raw thrust of 90.0mN and a corrected
thrust TCL = 63.6mN. The corresponding current-over-limit
ratio was Ji

JCL
= 1.42, which illustrates why the extraction

constraint is essential. Without this correction, the model
would systematically overestimate practical thrust in the most
aggressive operating conditions. Fig. 2 maps the RF power
that maximizes the Child–Langmuir-limited thrust across the
explored D–L space, highlighting how the optimal power
decreases as the chamber length increases.

Fig. 2. Bayesian map of the RF power predicted to maximize the
Child–Langmuir-limited thrust for each geometry

This result highlights the importance of incorporating phy-
sically constrained performance metrics during optimization.
Maximizing plasma production alone does not necessarily
translate into higher usable thrust because extraction limits
and downstream system losses become dominant at elevated
operating conditions. The application of correction layers
therefore transforms the optimization process from a purely
numerical exercise into a more realistic engineering assess-
ment.

An additional consequence of the optimization process
is that the maximum plasma-generation condition does not
coincide with the maximum realistic-thrust condition. While
higher RF power increases ion production and improves
discharge sustainment, extraction limitations progressively de-
couple internal plasma performance from externally delivered
thrust.

The shift of the optimum after applying engineering cor-
rections therefore indicates that practical ion-thruster design
requires simultaneous consideration of plasma generation,
extraction capability, and subsystem efficiencies rather than
isolated maximization of discharge conditions.

After application of the realistic system-level penalty, the
best sampled point remained at the boundary of the explored
design space, D = 18.0 cm and L = 5.0 cm, but shifted to
PRF = 1000W. The realistic thrust reached 45.0mN, exactly
at the adopted cap of 45.0mN/kW. By contrast, the nominal-
like configuration (D = 12.0 cm, L = 10.0 cm, PRF ≈
900W) produced a realistic thrust of 20.0mN, equivalent to
22.2mN/kW. These numbers suggest that the optimization
framework is valuable for ranking configurations, but that
system-level penalties are indispensable for meaningful com-
parisons with flight-like devices. Table IV summarizes these
four representative design points — nominal-like, geometry-
only, Child–Langmuir-limited, and realistic — for direct com-
parison.

The commercial comparison supports this interpretation.
Table V lists the power, thrust, and thrust-to-power figures
used for this benchmark. ArianeGroup’s RIT 10 EVO spans
5–25mN over 145–760W [5], while the RIT 2X [5], QinetiQ
T6 [6], and NASA NEXT [7] extend the gridded-ion-engine



envelope to higher powers and larger thrusts. The penalized
predictions from the present model cluster inside, or at the
upper edge of, the practical thrust-to-power band usually
associated with gridded ion engines. Therefore, the metho-
dology is well suited for preliminary design exploration, even
though additional physics—such as plume divergence, charge-
exchange losses, grid lifetime, and thermal constraints—must
be added before using the model as a predictive engineering
tool. Fig. 3 places the raw, Child–Langmuir-limited, and
realistic penalized predictions alongside the RIT, QinetiQ, and
NASA NEXT benchmark points, showing that the penalized
results fall within the typical 25–45mN/kW envelope for
gridded ion engines.

Fig. 3. Comparison between raw, Child–Langmuir-limited, and realistic
penalized model predictions and representative commercial ion thrusters.

Table IV
REPRESENTATIVE OPTIMIZATION OUTCOMES

Case D (cm) L (cm) PRF (W) Thrust (mN)
Nominal-like 12.0 10.0 900 20.0
Best geometry-only 18.0 5.0 900 104.9
Best CL-limited 18.0 5.0 765 63.6
Best realistic 18.0 5.0 1000 45.0

Table V
COMMERCIAL BENCHMARK POINTS USED FOR COMPARISON

Thruster Power (W) Thrust (mN) mN/kW
RIT 10 EVO 145–760 5–25 33–35
RIT 2X 2000–5300 70–215 35–41
QinetiQ T5 700 25 35.7
QinetiQ T6 4500 143 31.8
NASA NEXT 545–6853 25–235 34–46

IV. CONCLUSION

A corrected global model combined with Bayesian optimi-
zation successfully captured the main design trends of an RF
inductively coupled gridded argon ion thruster. Larger reactor
diameters and shorter lengths were consistently favored.

Although the raw model predicted very high thrust in the
most aggressive operating regime, the Child–Langmuir limit

and the realistic engineering penalty substantially moderated
these values. The resulting best realistic point was 45mN
at 1 kW, which places the optimized design at the upper
boundary of a reasonable gridded-ion-engine performance
envelope. The results also indicate that argon can constitute
a viable low-cost alternative for RF gridded ion propulsion,
particularly when efficient ionization pathways associated
with excited and metastable states are exploited. The proposed
workflow demonstrates that reduced-order plasma models
combined with Bayesian optimization can provide physically
meaningful guidance during early-stage thruster development.
The inclusion of excited-state argon chemistry, extraction
constraints, and engineering penalties enables the model to
connect internal plasma behavior with realistic propulsion
performance, providing a practical framework for preliminary
electric propulsion design.
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