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Abstract.  A numerical suite developed for the analysis and design of cathodeless plasma thrusters 
is presented. The suite includes a Global Model that estimates the thruster's propulsive 
performance by means of a balance of electron energy and population density, and a 3D numerical 
strategy to assess plasma behavior. The suite incorporates a FLUID and EM modules to solve 
plasma transport and electromagnetic wave propagation within the discharge chamber. The 
PLUME module, managed by the Starfish code, handles plasma dynamics in the magnetic nozzle 
using the electrostatic particle-in-cell approach. The suite has been validated against thrust 
measurements from a Helicon Plasma Thruster demonstrating the suite's potential for optimizing 
the design and operation of cathodeless plasma thrusters for space propulsion applications. 
I Introduction 
In the last decade, an active research has been 
conducted on the electric propulsion field 
[1,2]. Particular effort has been put in the 
development of cathodeless systems such as 
Helicon Plasma Thrusters (HPT) [3,4] and 
Electron Cyclotron Resonance Thrusters 
(ECRT) [5]. In these devices, plasma is 
produced within a dielectric tube where the 
neutral gas propellant is injected. An antenna, 
operated in the Radio Frequency (RF) or in the 
microwave frequency range, sustains the 
discharge coupling Electromagnetic (EM) 
power to the plasma [6]. Magnets produce a 
magnetostatic field that has three main functions: (i) increasing the efficiency of the source by 
enhancing the plasma confinement [7], (ii) driving the power coupling between the antenna and 
the plasma [8], (iii) improving the propulsive performance via the magnetic nozzle effect 
downstream the thruster outlet [9-12]. 

The key physical phenomena that govern the plasma dynamics in the production stage, with 
reference to Figure 1, are the EM wave propagation [13], the plasma transport [14], and their 
mutual coupling [15]. Instead, the acceleration and detachment phenomena [16] take place 

 

Figure 1. Schematic of a cathodeless plasma 
thruster. Magnetic field lines highlighted 

within the plasma source.  
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downstream the plasma source in the region identified as acceleration stage (see Figure 1). The 
latter is characterized by the formation of a plume where the plasma is more rarefied (density in 
the range 1016 - 1018 m-3) than in the production stage [17]. Particle collisions and the geometry of 
the applied magnetostatic field govern the plasma behaviour in the region closer to the thruster 
[18]. Further downstream, the plasma expansion is driven by the thermal pressure, and the 
ambipolar diffusion [18]. Several analytical [19-21] and numerical approaches have been pursued 
in the literature for modelling both the production stage and the acceleration stage. The most 
relevant are: fluid [22], kinetic [23],  Particle In Cell with Monte Carlo collisions (PIC-MCCs) 
[24], and hybrid [25]. 

In this work, a numerical suite for cathodeless plasma thrusters is presented and its exploitation 
in a low power case is discussed. A Global Model is devoted to the preliminary estimation of the 
propulsive performance [26]. More advanced tools have been developed to predict the plasma 
dynamics throughout the thruster. The 3D-VIRTUS code solves, with a fluid approach, the plasma 
transport within the production stage. The PIC tools Starfish [27] and have been customized to 
simulate the plasma dynamics within the magnetic nozzle. Starfish, which handles 2D 
axisymmetric domains, has been coupled to 3D-VIRTUS in order to estimate the propulsive 
performance. 
II Methodology 
II.A Global Model 
The main assumptions associated to the Global Model [26] are: (i) cylindrical geometry of the 
plasma source, (ii) axisymmetric magnetostatic field, (iii) the presence of cusps in the source can 
be simulated, (iv) the paraxial approximation holds in the acceleration stage [19], (v) in the 
acceleration stage plasma is frozen to the field lines up to the detachment. The dynamics of the 
source is solved relying on the conservation of mass (Eq.1) and electron energy (Eq.2) equations 
 
𝑑𝑑𝑛𝑛𝐼𝐼
𝑑𝑑𝑑𝑑
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nI is the number density of the I-th species, being this study focused on a xenon plasma I=e, i, *, g 
for electrons, ions (Xe+), excited (Xe*), and ground state (Xe) particles respectively. Te is the 
electron temperature in eV. RI

chem, RI
wall, RI

ex, RI
in, are the I-th particle source/sink terms associated 

to plasma reactions, wall losses, particles outflow and inflow respectively. Pw, Pchem, Pwall, Pex are 
the power coupled to the plasma, along with the source/sink terms associated to plasma reactions, 
wall losses, and particles outflow respectively. The plasma reactions considered are elastic 
scattering, ionization and excitation (see Table 1), therefore the RI

chem and Pchem terms read [29] 
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 (4) 

 
Where KIJ is the rate constant for the inelastic transitions from species I to species J, KII is the 

rate constant for elastic collisions between species I and electrons, ΔUIJ is the energy difference 
(in eV) between species I and species J, along with me and mI are the electron mass and I species 
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mass respectively [30]. Assuming the Bohm sheath criterion at the source walls [26] and a sonic 
thruster outlet, similar expressions hold for RI

wall and  RI
ex  

 

𝑅𝑅𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =
𝑆𝑆𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑉𝑉

𝛤𝛤𝐼𝐼𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (5a) 

𝑅𝑅𝐼𝐼𝑒𝑒𝑒𝑒 =
𝑆𝑆𝐼𝐼𝑒𝑒𝑒𝑒
𝑉𝑉

𝛤𝛤𝐼𝐼𝑒𝑒𝑒𝑒 (5b) 

 
Where V is the volume of the source, SI is the equivalent surface of the source, and ΓI is the 

particles flux. For ions and electrons Se= Si and its expression, which accounts for the non-
uniformity of the plasma within the source, can be found in [30]. Similarly Γe = Γi = neuB where uB 
is the Bohm speed [31]. For neutrals Rg

wall =       -Re
wall assuming total recombination at the walls 

[26]. Instead Sg
ex is equal to the physical thruster outlet surface and, assuming the neutrals are in 

the molecular regime, Γg=1/4 ng uth [26];  uth is the neutrals thermal speed [31]. From the Bohm 
sheath criterion, the energy terms read [26] 
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Regarding the gas inflow, only neutral species are assumed to be injected into the source 

 

𝑅𝑅𝑔𝑔𝑖𝑖𝑖𝑖 =
𝑚𝑚0̇
𝑉𝑉𝑚𝑚𝑔𝑔

 (7) 

 
where ṁ0 is the mass flow rate.  

Table 1: plasma reactions considered. 

Reaction Formula Reference 
Elastic 

scattering 
e + Xe → e + 

Xe [29] 

Ionization e + Xe → 2e + 
Xe+ [29] 

Excitation 
e + Xe → e + 

Xe* → e + Xe + 
hν 

[29] 

 
The thrust is computed according to the model presented in [19]. The contribution from the 

plasma is 
 

𝐹𝐹𝑝𝑝 =
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑

2 + 1
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑

𝑞𝑞𝑞𝑞𝑒𝑒𝑇𝑇𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 (8) 

where q is the elementary charge, and Mdet is the magnetic Mach number (v/uB) at the 
detachment point. Mdet is computed according to the detachment criterion prescribed in [19]. The 
contribution to the thrust due to neutral gas expansion is 
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𝐹𝐹𝑔𝑔 = 𝑝𝑝𝑔𝑔𝑆𝑆𝑔𝑔𝑒𝑒𝑒𝑒 (9) 

 
where pg is the neutral pressure. Total thrust and specific impulse, being g0 the standard gravity, 
read 
 

𝐹𝐹 = 𝐹𝐹𝑝𝑝 + 𝐹𝐹𝑔𝑔 (10a) 

𝐼𝐼𝑠𝑠𝑠𝑠 =
𝐹𝐹

𝑔𝑔0𝑚̇𝑚0
 (10b) 

 
II.B Source Solver 
The plasma source is handled with the 3D-VIRTUS code [15]. Plasma transport and EM wave 
propagation are solved self-consistently by means of two distinct modules, namely the Fluid 
module and the EM module, run iteratively. In the former, the plasma transport is solved in a 2D 
domain while the latter relies on a 3D domain [13]. The governing equations of the fluid module 
are continuity, energy and Poisson 
 

𝜕𝜕𝑛𝑛𝐼𝐼
𝜕𝜕𝜕𝜕

+ ∇ ∙ 𝜞𝜞𝐼𝐼 = 𝑅𝑅𝐼𝐼𝑐𝑐ℎ𝑒𝑒𝑒𝑒 (11a) 
𝜕𝜕𝑛𝑛𝜀𝜀
𝜕𝜕𝜕𝜕

+ ∇ ∙ 𝜞𝜞𝜀𝜀 − ∇φ ∙ 𝜞𝜞𝑒𝑒 = 𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑐𝑐ℎ𝑒𝑒𝑒𝑒 (11b) 

∇2φ = −q �
𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑒𝑒
𝜀𝜀0

� (11c) 

 
The species considered are electrons, ions (Xe+) and neutrals (Xe). Where nε=3/2 ne Te is the 

energy density, φ is the plasma potential and ε0 is the permittivity of vacuum. Formally, the terms 
RI

chem and Pchem are reported in Eq.3 and Eq.4, but in 3D-VIRTUS they are scalar fields which 
depend on the position. Reactions considered are listed in Table 1. ΓI is the particle flux of the 
species I that, according to the drift diffusion approximation, reads   

𝜞𝜞𝐼𝐼 = ±𝜇̿𝜇𝐼𝐼𝑛𝑛𝐼𝐼∇𝜑𝜑 −  𝐷𝐷�𝐼𝐼∇𝑛𝑛𝐼𝐼 + 𝒖𝒖0𝑛𝑛𝐼𝐼 (12) 
 

Where μI and DI are the mobility and the diffusion coefficients of the species I whose values 
are prescribed in [32]. u0 is the convection speed assumed aligned with the thruster axis and equal, 
in modulus, to 1/4 vth [7]. Γε is the energy flux that reads 
 

𝜞𝜞𝜀𝜀 = 𝜇̿𝜇𝜀𝜀𝑛𝑛𝜀𝜀∇𝜑𝜑 −  𝐷𝐷�𝜀𝜀∇𝑛𝑛𝜀𝜀 + 𝒖𝒖0𝑛𝑛𝜀𝜀 (13) 
 

Where με and Dε are derived according to the Einstein relations [15]. The power deposition 
profile is computed via the EM module and it reads [15]  
 

𝑃𝑃𝑃𝑃 =
1

2𝑞𝑞
𝑅𝑅𝑅𝑅(𝑱𝑱𝑅𝑅𝑅𝑅∗ ∙ 𝑬𝑬𝑅𝑅𝑅𝑅) (14) 

 
Where JRF and ERF are the complex values of the current density and electric field induced by 

the RF antenna onto the plasma.  
A Robin type boundary condition is imposed to the electrons continuity and energy to enforce 

the Bohm sheath criterion [15]. A zero gradient Neumann type condition is imposed to the 
continuity of ions. At the walls, a Neumann condition is imposed to the continuity of the neutrals 
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in order to enforce the recombination of the charged species [15]. At the thruster outlet, the neutral 
density gradient is assumed null [7]. Finally, a Neumann type boundary condition is imposed to 
Poisson’s equation to enforce the equality between ions and electrons fluxes at the walls [26]. The 
thruster outlet is grounded [15]. 
 
II.C Plume Solver 
The plasma in the plume has been simulated with a fully kinetic Particle In Cell (PIC) solver, 
namely Starfish [27-28]. This handles axisymmetric domains even though the particles’ speed is 
solved in 3D. Starfish has been coupled to 3D-VIRTUS in order to solve the plasma dynamics in 
the overall thruster and, in turn, to estimate the propulsive performance. The plasma in the 
acceleration stage is assumed collisionless [33], nonetheless the dynamics of both neutral (Xe) and 
charged species, namely electrons and ions (Xe+), are tracked. Particles’ speed is solved from the 
discrete equation of motion 
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∆𝑡𝑡
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× 𝑩𝑩𝑡𝑡� (15a) 

𝒓𝒓𝑡𝑡+1 − 𝒓𝒓𝑡𝑡

∆𝑡𝑡
= 𝒗𝒗𝑡𝑡+

1
2 (15b) 

 
Where rt is the particle position at time step t, v is the particle speed, Δt is the time step, E is the 

electric field and B the magnetic field. A Boris scheme is used to advance particles [34]. Since the 
RF power deposition in the acceleration stage is assumed negligible [35] the EM fields in the 
plasma are calculated via the Poisson’s equation. Therefore, B consists in the background 
magnetostatic field and E=-𝛻𝛻φ where  
 

𝜀𝜀0∇2φ = −ρ (16) 
 

and ρ is the charge density computed from particles position via a linear deposition scheme 
[33]. 
Regarding boundary conditions, Eq.17 holds for the Poisson’s equation 
 

𝜑𝜑 = 0 Thruster outlet (17a) 
𝜑𝜑 = 𝜑𝜑∞ Thruster case (17b) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+
1
𝑟𝑟

(𝜑𝜑 − 𝜑𝜑∞)

= 0 
External boundary (17c) 

 
Where k is the direction normal to the external boundary, r is the distance between the centre 

of the thruster and the boundary, along with φ∞ is the potential at infinity. Eq.17c derives from the 
assumption that φ≈1/r for r→∞ [36]. Regarding particles dynamics, ions and electrons that reach 
the thruster outlet and the thruster case are removed from the simulation domain [35]. The same 
condition holds for the ions at the external boundary [35] where an energy-based condition is 
defined to account for the electrons “trapped” by the potential drop across the plume [37]. The 
total energy of each electron that reaches the external boundary is computed according to Eq.18  

 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 =
1
2
𝑚𝑚𝐼𝐼𝑣𝑣2 − 𝑞𝑞𝐼𝐼𝜑𝜑 (18) 
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If |Etot|>|qφ∞| the electron is absorbed since its energy is high enough to escape at the infinity. If 
|Etot|≤|qφ∞| the particle is considered “trapped” and it is subject to a specular reflection. 
A control loop has been implemented in order to enforce the current free and the quasi-neutrality 
conditions at the thruster outlet. The value of the potential at infinity is updated according to Eq.19.  

 

𝜑𝜑∞𝑡𝑡+1 = 𝜑𝜑∞𝑡𝑡 +
1
𝐶𝐶
�𝐼𝐼𝑖𝑖𝑖𝑖𝑡𝑡 + 𝐼𝐼𝑒𝑒𝑒𝑒𝑡𝑡�∆𝑡𝑡 (19) 

 
Where C is an equivalent capacitance used to tune φ∞ so that the current free condition holds. The 
ion flux at the thruster outlet is assumed constant (Eq.20a) [35] instead the electron flux is varied 
according to Eq.20b to ensure quasi-neutrality 

 

𝐼𝐼𝑖𝑖0 =
𝑞𝑞𝑖𝑖𝑚𝑚0̇
𝑀𝑀

 (20a) 

𝐼𝐼𝑒𝑒∗𝑡𝑡+1 = 𝐾𝐾
𝑛𝑛𝑖𝑖0𝑡𝑡

𝑛𝑛𝑒𝑒0𝑡𝑡
 𝐼𝐼𝑒𝑒∗𝑡𝑡 (20b) 

 
K is a positive constant and Ie* is the emitted electron flux. It is worth noting that the total electron 
flux (Ie0) depends also on the number of electrons absorbed at the  
thruster outlet which is mainly driven by the value of φ∞ [35]. As a consequence the control 
strategy implemented relates φ∞ to the flux of particles injected into the domain and allows to 
compute self-consistently the total potential drop across the plume (namely -φ∞). 
Finally, the thrust is computed according the Eq.21 [25] 
 

𝐹𝐹 = ���𝑚𝑚𝐼𝐼𝑛𝑛𝐼𝐼𝑣𝑣𝐼𝐼𝐼𝐼𝒗𝒗𝑧𝑧 ∙ 𝒌𝒌� + 𝑝𝑝𝐼𝐼𝒛𝒛� ∙ 𝒌𝒌��
𝐼𝐼

𝑑𝑑𝑆𝑆𝐵𝐵 (21) 

 

 

Figure 2. Schematic of the 2D thruster simulation tool. The Source solver (3D-
VIRTUS) and the Plume solver (Starfish) run sequentially.  

The coupling strategy between the production stage (i.e., 3D-VIRTUS) and the acceleration 
stage (i.e., Starfish) is schematically depicted in Figure 2. First, the source solver provides plasma 
profiles at the thruster outlet assuming a sonic condition for this boundary. Second the plume solver 
takes these profiles as an input and propagates the solution of the plasma expansion. 
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III Results 
The thruster analysed in this work is a low power (50 W range) HPT. The plasma source is a 
cylinder whose dimensions are length L=0.060 m and diameter D=0.014 m. Magnetic field is 
generated by two rings of permanent magnets. At thruster outlet, the intensity of the magnetic field 
on the axis is B0=600 G. The antenna is a five turns coil whose dimensions are length LA=0.020 
m, diameter DA=0.020 m, wire width wA=0.002 m. A mass flow rate of ṁ0=0.15 mg/s has been 
assumed. The power provided to the antenna (Pw) varies in the range from 10 W up to 70 W. An 
antenna efficiency of ηA=0.8 has been assumed, so the power actually coupled to the plasma is 
Pwp= ηA Pw. 

A 2D simulation of the overall plasma thruster has been accomplished for an input power 
Pw=55 W. In Figure 3, the input power deposition profile adopted is shown, and is consistent with 
an inductive coupling mode [39,40]. 

   
Figure 3. Deposited power map (Pw) function of the radial and axial positions (r-z) in the 

source. 
The estimation of the propulsive performance obtained with both the GM and the  2D simulation 

of the HPT has been reported in Figure 4. 
For what concerns the GM, due to the several assumptions considered, an uncertainty band of 

±20% has been attributed to numerical results. The latter is mainly associated to the assumptions 
on plasma profiles (Eq.5) [26], interactions between the plasma and the walls of the source (Eq.6) 
[26], cross sections of the plasma reactions (Table 1) [26], and detachment criterion (Eq.8) [7]. 
The propulsive performance increases with the power coupled to the plasma. Trends predicted 
numerically and evaluated experimentally are in agreement. Moreover, numerical and 
experimental uncertainty bands overlap. This result can be considered sufficiently accurate for the 
scope of the GM which is meant for the preliminary characterization. 

Regarding the 2D simulation, thrust has been computed coupling the solution of the production 
stage with both the semi-analytical formulation implemented in the Global Model (i.e., Eqs.8-10) 
and the results provided by Starfish (i.e., Eq.21). In both cases, the estimation of the propulsive 
performance matches better the experimental benchmark with respect to the Global Model. The 
most accurate result is provided coupling 3D-VIRTUS and Starfish being the difference between 
numerical and experimental results less than 20%. 
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   (a) 

   (b) 
Figure 4. Performance predicted numerically compared against measures. (a) Thrust (T), and 

(b) specific impulse (Isp) in function of the coupled power (Pw). 

VI Conclusions 
A numerical suite capable of simulating the propulsive performance and the plasma dynamics in 
a cathodeless plasma thruster is shown. It consists on a Global Model [26] for the preliminary 
simulation of the propulsive performance, the 3D-VIRTUS code [15] for the estimation of the 
plasma profile in the production stage, along with Starfish [27] for the solution of the acceleration 
stage. The results of the Global Model and of the coupling 3D-VIRTUS / Starfish have been 
benchmarked against measurements of the propulsive performance (i.e., thrust and specific 
impulse). The agreement between experiments and the Global Model is always better than 50%, 
whereas differences reduce to 20% with a multi-dimensional approach.  

In future works the interfacing strategy between 3D-VIRTUS and Starfish will be improved 
adopting an iterative approach. 

Finally, it is worth noting that the numerical suite presented in this work can simulate the plasma 
dynamics also in applications different from the electric propulsion as plasma antennas [43-47] 
and water treatment reactors [48]. 
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