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A medium-power (1.5 kW) plasma thruster based on a helicon source is considered as a
candidate for primary space propulsion. A high-density plasma is produced by the use of a
radio frequency (RF) transmitting antenna, which produces helicon waves to ionize a neutral
gas (e.g., argon, krypton, xenon, helium or hydrogen) flowing through a tube and confined
by a magnetic field. The plasma is accelerated through a potential drop created by a
divergent magnetic field, giving a sudden reduction in electron density (and hence plasma
potential) very close to the open end of the source tube. The plasma may then expand
through a ""magnetic nozzle" into the vacuum. Numerical studies are conducted by CISAS in
order to investigate the physics connected with the potential drop. The analysis is conducted
through a combination of 1-D and 2-D numerical codes. The PPDL code is developed and
used for the 1-D analysis. The main features of the code are: hybrid Boltzmann
electron/drift-kinetic ion, inclusion of dominant 2-D effects, and high computational
efficiency thorough implicit non linear Boltzmann solver. The 2-D analysis is performed with
XOOPIC, an open source code available from Berkeley University. The combined approach
is very useful since the 1-D code is used to screen many different experimental conditions
and to identify the correct boundary conditions. The 2-D code is then used to refine 1-D
results. The two models, combined with a global model, specifically developed to simulate the
plasma reaction inside the plasma source, are run through genetic algorithms to identify an
optimal thruster configuration in the 1500-W power regime. In addition, the thruster is
thermally and mechanically sized.

Nomenclature

A = cross surface of the cell revolution
Aexn = geometrical exhaust area
BSCCO = Bismuth Strontium Calcium Copper Oxide
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Cp = coefficient

Cs = coefficient

Ethi = Threshold energy for i-th reaction

e = electron charge

Isp = specific impulse

Ki = reaction rate for i-th species

Ks = Boltzmann constant

Lexy  =ion loss at the exhaust

m = particle mass

Mion = ion mass

n = plasma density

Ne = electron density

n; = density of i-th species

n; = density of the species involved in the i-th reaction

Pass = deposited power

Pexn = power loss associated with the electron and ion flux at the exhaust
P = power lost in the i-th reaction

Puw = power lost at the exhaust

r = radius of magnetic lines tube

ri = radius of the detachment cell

S/IC = spacecraft

T = particle temperature

Te = electron temperature

Ug = ion Bohm velocity

Va = average axial velocity inside the detachment cell

Ve = plasma volume

VA = position

Texn = flux loss term due to the particle flow through the exhaust for the i-th species
I = flux loss term due to plasma processes for the i-th species
I’ = flux source term due to plasma processes for the i-th species
T = flux loss term due to particle recombination at wall for the i-th species
o = cross section

I. Helicon Thruster Numerical Models

The proposed modeling approach is based on three numerical models 1) a global numerical model of the
plasma source, 2) a 1-D PIC code of the entire system, and 3) a 2-D PIC code of the entire system. The global model
is used to simulate the plasma source behavior. It provides the source ionization rate, plasma density, and electron
temperature to the PPDL and XOOPIC codes. A 1-D code named PPDL is specifically developed for this purpose. It
is a hybrid code with Boltzmann electrons and drift-kinetic ions. It includes dominant 2-D effects and high
computational efficiency through implicit nonlinear Boltzmann solver. The 2-D code used is XOOPIC, freely
available from University of California at Berkeley. XOOPIC performs fully electrostatic simulations with kinetic
electrons, which results in long computational times in order to analyze detachment features. A combined approach
proved very useful, where the 1-D code is used to rapidly screen many different experimental conditions and to
identify the right boundary condition. The 2-D code is used to refine the 1-D results.

A. Plasma source numerical model

A global model to describe the plasma source is developed. This approach is similar to other global models
from past studies.”™®. The plasma balance equations for particles and energy are written for uniformly distributed
plasma inside of a region confined by a magnetic field. Many studies are carried out to understand the interactions
between plasma and neutrals, including the effect of neutral losses to ionization®®%?” and neutral heating.'®™*
Several models take into account the neutral density by inserting a source term and a sink term into the neutrals
balance equation.>®***" These terms are related to the feeding flow from the reservoir and the flow to the vacuum
pump. In other models, the plasma neutral interactions are not considered, and no equations are written to follow the
neutral density behavior.’®'* Due to the specific gas-dynamic configuration of the device, the neutral interaction
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with plasma is considered in this work by coupling a global gas-dynamic model of the entire system, with a global
plasma model of the source. This model provides an estimate for the pop-off feeding-valve operation, efficiency of
neutral pumping by the vacuum pump, and efficiency of a gas trap in the source to increase the ionization efficiency.
The interactions that are taken into account in the model are:

o Neutral density reduction due to ionization;

e Neutral dissociation (molecular species-atom species);

e Global gas dynamic analysis behavior in the plasma source and in the vacuum chamber;

e Wall recombination and volume recombination in the main vacuum chamber.

Plasma is generated in the source chamber. A preliminary investigation shows that in specific magnetic field
configurations or in a certain operation mode (helicon mode), the majority of the plasma could be confined inside of
a volume smaller than the source chamber volume.*

We assume the plasma is confined in a cylindrical volume V. of length L and radius r,. Inside this volume
different species are considered for every gas. The model follows the density of all of these species. Plasma flows
and diffuses also through the external surfaces of the volume V.. These surfaces will be named to highlight the
different processes involved. The back axial surface is the surface in front of the feeding orifice. Plasma in this zone
is electrostatically confined and the mass loss is calculated using Godyac and Maximov?® solution of diffusion
equation. Plasma also diffuses through the radial surface, but in this zone the magnetic field generated by the
solenoid coil improves the confinement. The particle loss in this area is calculated using again the Godyac and
Maximov solution modified by Cheetham™ to take into account the magnetic field contribution to the confinement.
The radial surface toward the vacuum chamber is named the exhaust surface. Plasma flows in this zone with a speed
that is a fraction of the ion sound velocity. The speed depends strongly on the shape of the plasma potential in this
area. This calculation is beyond the purpose of this model, so a parameter is introduced into the numerical analysis
named c,. Thus, the exhaust velocity is the ion sound velocity multiplied by the ¢, coefficient that is considered as a
free parameter. Particles that diffuse through the lateral surface and through the back axial surface are neutralized.

The plasma equations are coupled with neutral equations since in the source chamber the neutrals density is not
constant, but free to change in relation to the neutral flow, the dissociation processes and the plasma-neutral
interaction. The reactions that involve ionized species and electrons are found in literature.?®*?® The particle balance
equations for the ionized particles and electrons are written in a particle flux form, (particles/m®s). The general form
for the balance equations of charged particles is:

dr-]i S
E =T _F: D e )

where 77° is for the i-species the source term due to plasma processes, 7;- is the loss term due to plasma processes,
Iy is for the i-species the loss term due to particle recombination at the wall (the particle diffuses through the wall
sheath before reaching the wall), Iexy is the loss term due to the particle flow through the exhaust. The reaction rates
are obtained averaging the cross section for the specific reaction over a Maxwellian distribution®®

3/2 2
( m mv 2
K = [mj .[[ o(V)v exp[—zm_j 47vedv (2

where T is the electron temperature in eV and m is the particle mass and o the cross section. Wall losses are
calculated as in References 16, 19, 26-27, and 19. lons lost at the exhaust are calculated as:

LEXH =n;-Ug 'AEXH -Cp

Jﬁ ®)
U, =
mI

where ug term is the ion Bohm velocity and Agxy is the geometrical exhaust area.

The exhaust flow is affected by the magnetic field at the exit of the plasma discharge section. At the exit of the
plasma discharge section the magnetic field increases and then decreases. This peak acts as a magnetic mirror that
reflects part of the plasma flow. Therefore, the net flow is given by the difference between the incident flow and the
reflected flow. The reflected flow depends on the configuration of the magnetic field and on the plasma parameters.
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The power balance equation is written as follows (units: W/m?®)

P d (3 j
s 1 Zen T |[+>P+P, +P 4
Ve dt 2 e e Z i w EXH ()

where Pags is the deposited power into the plasma that is assumed to be known. e is the electron charge, T, is the
electron temperature, V. again the plasma volume. P; terms are the power lost in the i-reaction. The general formula
is:

Pi:Ki><ETH_i><ne><nj %)
where K; is the rate constant for the specific reaction, Eq; the threshold energy for the i-reaction®, n, the electron
density, n; the density of the species involved in the i-reaction. Pyis the power lost at the wall due to the electron-
ions flow. Pexy is the power loss associated with the electron and the ion flux at the exhaust, assuming that the
escaping velocity is the ion-Bohm velocity. Experimental results® indicate the presence of a hot tail in the electron
population in hydrogen and helium discharge. This distribution is modeled summing two Maxwellian distributions:

one with the temperature of the bulk of the plasma and one with the temperature of the hot tail. The power balance
can be used to solve for the electron temperature.

B. 1-D PIC Numerical model
The PPDL is a modified version of an existing 1-D PIC named PadPIC, a Particle in Cell***® plasma simulator.
The main features of PPDL are:
= Drift-kinetic ions, where the magnetic moment is assumed to be an adiabatic invariant. The drift-kinetic
equation of motion includes the AB force from the expanding magnetic field,
Expansion of the magnetic field is considered,
Boltzmann electrons, assuming Maxwellian distribution and inertialess,
Floating boundary conditions, and
Plasma generation is simulated through a source term.

The advantage of Boltzmann electrons is that electron time scale (plasma and gyro periods) do not have to be
resolved. Nonetheless, it requires a non-linear Poison solver to determine the electrostatic potential. With the hybrid
Boltzmann electron/drift-kinetic ion approach, the time step is only limited by ion period, which is two orders of
magnitude larger than electron plasma period and ion gyro period, which can become very short in a strong
magnetic field. Thus, PPDL is very fast, efficient, and still capable of simulating the relevant physics. To better fit
the experimental set-up, the presence of magnetic field is simulated by the analytic solution of a field generated by
one or more solenoids. The gradient of the magnetic field is also calculated analytically and used for adding the VB
velocity to the drift-kinetic ions. The dilution of the charge density due to the expanding magnetic field has also
been incorporated into the non linear Poisson solver.

We consider a plasma of radius ry, density ng, and temperature T, created in a uniform field B, and then inject it
into a region of expanding field lines. The model assumes that the plasma is frozen to the field lines. Thus, the field
B(z) and the density n(z) in the expansion region are related to the plasma radius as:

2
n B r
5_(5) ©
n, B, r
where r(z) is the radius of magnetic lines at position z.

C. 2-D OOPIC Numerical model

As previously mentioned, the code used for the 2-D simulation is the OOPIC (Object-Oriented Particle-In-Cell)
(or XOOPIC, which has a GUI). OOPIC is a 2D-3V relativistic electromagnetic PIC code. The object-oriented
paradigm provides the opportunity for advanced PIC modeling, increased flexibility, extensibility and efficiency.
OOPIC includes a 2-D orthogonal grid: Cartesian (x,y) or cylindrically symmetric (r,z) moving window,
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electrostatic and electromagnetic fields, and relativistic particles. The boundaries are determined at runtime and
include many models of emitters, collectors, wave boundary conditions and equipotentials. Because the dependence
on the azimuthal angle is not expected to be relevant for DL experiments, we use a 2D r-z cylindrical PIC
simulation. The code can handle an arbitrary number of species, particles, and boundaries. The code also includes
Monte Carlo collision (MCC) algorithms for modeling collisions of charged particles with a variety of neutral
background gasses. Figure 1 presents the geometry configuration used for the simulations.

0.17m T
Exit Port
Dielectric
Static magnetic,_
y field a |
nnnnnnnnn asma-Souree and i # DC Biased conductor
€ or Dielectric

0.3 Symmetry axis ;¢

Figure 1 - Geometry configuration used for XOOPIC simulation

A detailed model of the helicon source is not our intention. The reproduction of its heating process is avoided
by imposing ad hoc electron and ions families, emerging from the source tube. This is a versatile approach because
it is possible to change the parameters, thus simulating plasma expansion in different conditions. The resolution of
the particles motion is done under the electrostatic assumption. Few particles are immediately loaded into the source
region, to represent the high energy electrons produced during the breakdown and to start without an empty region,
while most are created during the simulation. The plasma production is represented by the OOPIC Plasma Source
object. The particles are created at a given rate in a rectangular area and with Maxwellian velocity distribution and a
changeable density distribution. Figure 2 shows the plasma production density, which is defined in order to model
the typical helicon source behavior: maximum density near r=0 and after the tube half. The static magnetic field is
calculated by solving the equations for circular filamentary coils in 2-D. Two, 8-cm long solenoids are located
around the source tube (r=12-13 cm) at axial positions of 1 and 20 cm.

Np/s/m’ A

Z T
Lsl Ls2 LSB) < Rsource Rsl1

Figure 2 - Plasma production density distribution: Ls3=Lsource=30cm, Rs1=1.5cm and N1=Nmax/3

I1. Thrust Performance Evaluation

The thrust is calculated with OOPIC for four different detachment lines. The selection of these lines considers
the axial positions from which the direction of the ion velocity starts to be constant. It is assumed that the
detachment distance from the helicon tube exit grows with the axial position. Figure 3 shows the ion and electron
trajectories. The detachment distance is greater than 20 cm at the tube axis and nearly constant, but more than 60 cm
for r greater than 30 cm. The equation T=Y m N V,2A is iterated for every r; along the supposed detachment line,
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where m is the ion mass, N is the density of ions inside the detachment cell at radius r;, V, is the average axial
velocity inside the detachment cell, and A is the cross area of the cell revolution along ¢, A=z[(ri+dr)*r?].
Therefore, for all the cells that follow the selected line we have evaluated the ion density, which is a default output
of OOPIC, and the average ion axial velocity. The result is a thrust between 1x10° N and 7x10° N. This is obtained
by comparing three simulations made with T.=8 eV, 70 V DC biased left wall and diffusion chambers 1m long with
different electrical properties. The simulations predict a density inside the source tube of approximately 5 x 10 m?,
where the source rate is set between 10" and 3 x 10*® m® s™*. The specific impulse (Is,) can be evaluated through the
formula 1,=CN Va.)/( XN @), iterated again along the supposed detachment line and where g is the gravitational
acceleration.

Figure 3 - lon right) and electron left) trajectory at the thruster exhaust.

I11. Thruster Design

The thruster is designed through the combination of numerical simulations and a genetic optimization
algorithm. The models described above are combined with a lumped structural model, which provides the total
volume and mass of the device, depending on the selected thruster configuration (i. e., mass flow, magnetic field,
power, etc.). A genetic optimization algorithm is then used to identify the best thruster configuration, trading off
among performance, weight, and volume. The global model is combined with the structural model to identify the
most promising configuration. All configurations are analyzed with the 1-D PIC model in order to identify three
best. These configurations are then investigated with the 2-D PIC code in order to evaluate thrust and Is,. The power
is fixed at 1500 W, and the magnetic field is fixed at 1000 Gauss in order to allow very compact thruster, keeping
the Larmor radius compatible with the thruster size. The genetic optimization algorithm identifies as best trade-off
among high Ig, and thrust for the parameters in Table 1.

Table 1 — Thruster Specifications

Source diameter 25 mm
Source length 70 mm
Mass flow rate 0.05 kg/s

Figure 5 shows the variation of electron density, electron temperature, specific impulse and thrust with mass
flow rate. As expected, an increase in mass flow rate increases the electron number density, but reduces electron
temperature and thus lgp.
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Figure 4 - Electron temperature, electron density, and neutral density versus mass flow rate normalized by
the source volume.
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Figure 5 - Specific impulse and thrust versus mass flow rate normalized by the source volume.

Figure 6 shows that an increase in mass flow rate causes a reduction of the ionization fraction, which is the ratio
between residual neutral density and electron density. Additionally, input power is lost at the wall at higher mass
flow rates. After preliminary sizing of the thruster, we estimate the power to be dissipated by the radiator
conservatively as the difference between the total power and the jet power, which is 1100 W.
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Figure 6 — (Left) The ratio of ion density to residual neutral density, and (Right) the ratio of power loss at the
wall to applied external power versus mass flow rate normalized by the source volume.

IV. Thruster preliminary design

Figure 7 shows a sketch of the thruster configuration used in the following analysis. The dielectric cylindrical
wall has an external diameter of 35 mm and a length of 87 mm, and is attached to an interface plate which can be
connected to the spacecraft. The helicon antenna is wrapped around the dielectric quartz tube. A metallic shell is
placed around the antenna in order to support the insulating material and superconducting coils with its
support/cooling element. The superconducting coil is utilized in order to save mass and volume.** The main
superconductor features from which enormous benefits on board spacecraft are:

« ability to carry high current densities which leads to substantial coil weight and dimensions reduction;

« at critical temperature electrical resistivity decreases to an immeasurable value: it means that ohmic heating of the
magnet coil drops to zero, i.e., no electrical power is wasted. Superconductivity at low temperature requires liquid
helium at 4.2 K to produce very high current densities: the thermal analysis shows that high temperature
superconductors are preferable because these can support lower current densities, but with a higher critical
superconductivity temperature (>77 K), easier to maintain during the whole mission. The material chosen is a
BSCCO (Bismuth Strontium Calcium Copper Oxide) high temperature superconductor. The use of permanent
magnets is considered, however; the generated magnetic field is normally very non-uniform, with reversal regions
and null points (cusps).* The strong non-uniformity can impede wave propagation and plasma flow, and eliminate
the effects of enhanced plasma production and potential drop formation. Thus, accurate numerical model and
experimental investigation need to be carried out prior to proceeding with a detailed thruster design based on this
technology. In this research work attention is focused only on superconductor option because of the lower
uncertainty of design associated to this solution.
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Figure 7 - Schematic of plasma thruster (Units: mm)

A. Thermal analysis
A sensitivity study is performed on a

simplified thermal model of the thruster. C?eil mOltmﬁng
Figure 8 presents a schematic view of the cemen
. support
plasma thruster considered for the steady- riaitace B—
state thermal analysis. The model is i
implemented using Esarad & Esatan ) PEr—
software. _ Plasma support
The parameters considered for the core LIt

sensitivity study ares: (i) boundary support
interface temperature, (ii) boundary radiative
external environment temperature, (iii) -
support interface material conductivity (S/C

interface temperature), and (iv) the plasma  Figure 8 — Cross section of plasma thruster

power. The temperature reached in the

different parts of the thruster and the expected thermal fluxes for each case are evaluated. The material considered
for the main parts are: fused quartz for antenna support, aluminum alloy (thermal conductivity 170 W/(m-K) ) or
titanium alloy (thermal conductivity 7 W/(m-K) ) for the support.

Figure 9 shows the mean temperature obtained for different temperatures of the boundary support interface (at
the S/C interface) when the support is constructed of aluminum alloy. The maximum service temperature for these
alloys is 250-280 °C, a reasonable upper limit for the boundary temperature interface is 50 °C. The temperature
evaluated for the antenna support represents a worst case estimation, in fact in the model this part is considered
conductively thermal decoupled from the support interface, in any case the temperature reached is compatible with
the max continuous temperature for the fused quartz, 1000 °C, further detailed model that implement also the low
conductive link for the antenna support with the support interface will allow to reduce a little bit its mean
temperature. The results in any case highlight that the thermal flux generated by the plasma in this configuration
should be removed from the support interface for the 75% and only a 25% is exchanged radiatively with the external
environment this is due to the reduced dimensions of the system and the relatively low temperature of support part.

The thermal flux at support boundary interface can be moved at the spacecraft radiator with dedicated heat
pipes. Assuming a spacecraft radiator with the dimensions of 1350 mm x 1350 mm, temperature of 40 °C, and a
emissivity &=0.8 the dissipated thermal flux is about 800 W.
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Figure 9 - Effect of S/C interface temperature; support realized with thermally conductive material (e.g.
Aluminum alloy)

Analysis is also done using: (i) titanium alloy (Ti 6Al 4V) for the support, (ii) support boundary temperature of
20 °C and a (iii) radiative environment temperature of -10°C. The results show that the exchanged flux with the
support boundary interface is reduced (thermal flux ~400 W) while the radiative flux exchanged with the
environment is increased (~600 W). This leads to a higher temperature for different parts of the system: the support
and the antenna support reached 750 °C and 1050 °C, respectively. The high temperature of the support requires
more effort to thermally decouple the coil element from the support, but in any case the S/C radiator area could be
reduced. Further analysis will be performed in order to asses a trade off for the required resources at system level.
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Figure 10 — (Left) support and antenna support temperature versus thermal plasma dissipate power. (Right)
Thermal fluxes at each interface; (support boundary temperature = 20 °C, radiative environment = -10 °C)
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Figure 10 shows the temperature of the support and antenna support in addition to the thermal fluxes at each
interface with reference to the configuration: (i) aluminum alloy support, (ii) support boundary temperature of 20
°C, (iii) a radiative environment temperature of -10 °C, and (iv) a dissipated thermal power from the plasma between
800-1200 W. An increase of 100 W on thermal plasma flux means a mean increase on support temperature of 20 °C
and of 30 °C on antenna support. The ratio of thermal fluxes at interfaces versus the plasma thermal flux does not
change significantly in the range considered. Further analysis and a more detailed model will be performed in order
to evaluate the antenna support temperature and the antenna temperature versus its electrical resistivity considering
different mounting configuration.

The use of superconductor tapes for the generation of the required magnetic field makes it possible to save
mass, volume and power. On the other side, the thermal control of superconductor materials is a critical issue
because they require very low operating temperatures. The material chosen is BSCCO (Bismuth Strontium Calcium
Copper Oxide), which is a high temperature superconductor with a critical temperature of 105 K. Therefore, the
operating temperature is set to 40 K, accounting for a safety margin.

In the previous simulation, considering the coil mounting element realized with silica aerogel to thermally
decouple the parts from the support, the expected thermal flux that should be removed from coil at temperature of 40
K is about 8.5 W with aluminum support or 18 W with titanium support. To remove this thermal flux there are some
possible solutions with different system impact and that should be evaluated after a trade off process. The first
possibility (in the case of aluminum support) should be removed the thermal flux from low temperature coil with a
dedicate cryocooler the second possibility is to removed a fraction of this flux with a dedicate radiator in order to
have a lower part of flux that should be removed from the coil at low temperature with a minor resources demanding
cryocooler. For example, with reference to Figure 4 for an aluminum support, if a dedicated radiator (£=0.8) is
foreseen to have an intermediate temperature of -20 °C the flux at the radiator should be about 4.8 W (coil part
removes about 3.7 W) and its minimal dimensions should be 190 mm x 190 mm.

radiator

Arad

Super conductor
tape (coil part)

insulator

N

dy

& 1

4{ Aluminum support “

Figure 11 - Possible architecture to reduce the thermal flux at coil part

A

B. Mechanical analysis

For the previous thruster scheme a finite element model is developed with MSC-Nastran software to evaluate the
Eigen frequencies of the system and the stress level in the main components at quasi static loads. The model is
realized with plate elements, the materials considered for the support is aluminum alloy (7075-T6) while fused
quartz is used for the antenna support. The mass of helicon is locally distributed on to the antenna support. The
mass of coil and coil mounting element are locally distributed on the support part. The connection between the
quartz and the interface plate is disk of inconel for the dynamic and static evaluation. Error! Reference source not
found. shows the mass breakdown of the main components.
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Table 2 — Mass breakdown of thruster.

Part Mass
[9]

Support 120
Antenna 75
support
Coill 90
mounting
element
Helicon 125

Total | 410

The model in Figure 12 is composed of 2569 elements and 2526 nodes. Two type of analysis are carried out, the
normal modes and the static one. The first evaluation is aimed to verify that the Eigen frequency of the structure is
higher of 150 Hz (value referred to the payload mounted on a S/C) while the second analysis considers a quasi static
load applied spherically (in case of Arianne 5 launcher at the S/C primary interfaces for a payload with a mass lower
of 1 kg the quasi static acceleration is 700 m/s?).

Figure 12 - Finite element model of the thruster.

Some results are reported in the following images, the first Eigen frequency is 885 Hz, with flexional mode
shape, the max displacement at the quasi static loads is 0.06 mm while the max stress (Von Mises criteria) for the
support part is about 25 MPa and for the antenna support component is 6 MPa.
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Figure 13 — (Left) The first Eigen-mode of the system. (Right) The displacement at quasi static load acting
spherically along the positive axis directions.
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Figure 14 - Max stress (Pa) evaluated with Von Mises criteria for the antenna support component with the
quasi static loads.

In all cases, the results fulfill the requirements for the structural feasibility study, additional detailed
thermoelastic analysis should be carried out to refine the interface between support and antenna support to
accommodate the different CTE materials and reduce the local stress concentration.

V. Conclusion

A preliminary design of a medium-power helicon plasma thruster is conducted through: (i) analysis and
optimization of the plasma section, and (ii) preliminary thermo-mechanical analysis and design. The magnetic
section is sized considering superconductor technology, which has a strong impact at the system level. Permanent
magnets provide a more efficient solution, however due to irregularities in the magnetic field space-configuration,
This solution requires further analysis with a 3-D code that has yet to be developed, as well as a dedicated test
campaign. Preliminary analysis shows that the structural mass of the thruster can be less than 1 kg, which excludes
the mass of RF power unit, magnetic field control unit, and other subsystem components.
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