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Ing. RónaldChangDı́az, whowelcomedme into theAdAstra team andhas always believed in the potential of local
talent to accept difficult challenges and achieve great results through honest, hard work. Many other colleagues at
the company have supportedme throughout these years with their friendship and support, and I extendmy sincere
gratitude to all of them.

I would finally like to acknowledge the incredible support I have received from my family, which has enabled
me to work on this project and complete this thesis. I owe to my parents, Alfredo and Flory, the foundations of
who I am and who I want to become in life. My brother Julio has always encouraged me throughout this long
process. Lastly, my wife, Mary Anne, and my children, Emma and Antonio, have endured hard sacrifices in order
to allowme the opportunity to work on this project. I am deeply indebted to the unlimited love and patience they
have gifted me, and will now dedicate myself and my time to being there for them, for their goals and for their
aspirations.

iii



To my family

iv



Contents

1. Introduction 1
1.1. Context and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Research Objectives and Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1. Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2. Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3. Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5. Contributions to the Research Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2. Research Summary and Thesis Structure 6

3. Plasma-Surface Interactions Within Helicon Plasma Sources 8
3.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2. Physics of Helicon Plasma Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2.1. Helicon PlasmaWaves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2.2. Cylindrical Magnetized Plasmas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3. Plasma-Surface Phenomena in HPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3.1. Plasma Sheaths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.2. Plasma-surface interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.4. Relevant Engineering Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.4.1. Plasma-facing materials in HPSs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4.2. Relevant experimental work regarding PSI within HPSs . . . . . . . . . . . . . . . . . 25

3.5. Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4. Estimation of erosion phenomena within helicon plasma sources through a steady-state explicit
analytical model 32
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2. Mathematical Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2.1. Dispersion relation for helicon waves . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.2. 2D fluid description of cylindrical magnetized plasmas in steady-state . . . . . . . . . . 36
4.2.3. Sheath models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.4. Sputtering phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2.5. Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.1. Model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.2. Analysis and investigation of the VX-CRHPS . . . . . . . . . . . . . . . . . . . . . . 48

4.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

v



4.4.1. Practical estimation of erosion within HPSs . . . . . . . . . . . . . . . . . . . . . . . 54
4.4.2. Model limitations and potential improvements . . . . . . . . . . . . . . . . . . . . . . 56

4.5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5. Mitigation of plasma-surface effects in helicon sources 59
5.1. Chapter Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2. Main Erosion mechanisms within Helicon Plasma Sources . . . . . . . . . . . . . . . . . . . . 61

5.2.1. Direct Plasma Diffusion towards the Boundary Surfaces . . . . . . . . . . . . . . . . . 61
5.2.2. Erosion due to Ion Acceleration through RF Sheath near Antenna Terminals . . . . . . 64
5.2.3. Contact betweenMagnetic Flux Surfaces and Boundary Materials . . . . . . . . . . . . 66

5.3. Power Balance Model of a Helicon Plasma Source . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.4. Potential Mitigation Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.4.1. Selection of Optimal Dielectric Materials . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.4.2. Reduction of Plasma Density at the Material Boundaries . . . . . . . . . . . . . . . . 75
5.4.3. Reduction of RF Sheath Voltages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.4.4. Magnetic Field Shaping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.5. Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6. Conclusions and Recommendations 80
6.1. Summary of Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.2. Recommendations for Future ResearchWork . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2.1. Experimental ResearchWork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2.2. Simulation ResearchWork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Bibliography 85

A. Derivation of Dispersion Relation for Helicon and Trivelpiece-Gould Waves 94
A.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.2. Cold PlasmaWave Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.3. Derivation fromMaxwell Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

B. Modeling of cylindrical magnetized plasmas 103
B.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
B.2. Derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

B.2.1. General Fluid Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
B.2.2. Model Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
B.2.3. Radial Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
B.2.4. Axial Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
B.2.5. Vector Calculus Formulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

C. Modeling of Power Balance within Magnetized Cylindrical Plasmas 115
C.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
C.2. Derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
C.3. The termE′

ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

D. Python Scripts 120
D.1. Description of the software implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

E. Original Publications 161

vi



List of Tables

3.1. Relevant models developed for cylindrical magnetized plasmas which are applicable to the study
of Helicon Plasma Sources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.1. Experimental parameters obtained for the data sets of figure 4.2, used for the validation of the
simplified helicon wave dispersion model of equation 4.3. . . . . . . . . . . . . . . . . . . . . . 42

4.2. Experimental parameters obtained for the validation data sets of figure 4.3, used for the validation
of Ahedo’s radial model in the magnetized case [2, 3], as shown in equations 4.4 - 4.6. . . . . . . 45

4.3. Experimental parameters obtained for the data sets used in figure 4.4, for the validation ofAhedo’s
axial model in the asymptotic case [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4. Fitting parameters chosen to representSiO2,Al2O3 andSi3N4within the sputtering estimation
models presented in figure 4.5. The values for the material properties and the fitting parameters
were obtained through a combination of averaging and optimization techniques, as described in
subsection 4.3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.5. Geometrical and physical parameters used for the simulation results of the VX-CR device pre-
sented in subsection 4.3.2. The values of Te and Vmax,RF correspond to three separate scenarios,
and were obtained from the regression described in figure 4.7. . . . . . . . . . . . . . . . . . . 51

5.1. Typical values selected for the threshold values of the figures of merit used to define high-power
helicon plasma sources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

B.1. Assumptions introduced in the derivation of the cylindrical magnetized plasma models. . . . . . 104

C.1. Threshold energies εex,j and rate coefficients kex,j corresponding to the excitation transitions of
argon atoms. Obtained from the compilation published by Gudmundsson ([55]). . . . . . . . . 119

D.1. List of the Python scripts designed to implement the simulations from chapters 4 and 5. . . . . . 121

vii



List of Figures

1.1. (a) Simplified diagramof theVASIMR® engine and its components. Courtesy ofAdAstraRocket
Company. (b)The VX-CR experiment in Ad Astra Rocket Company Costa Rica. . . . . . . . . 4

3.1. Examples of applications of Helicon Plasma Sources. (A) The Proto-MPEX linear device for the
study of plasma-material interactions at fusion-relevant conditions [87]. Courtesy of Oak Ridge
National Laboratory, U.S. Dept. of Energy. (B) The VX-CR research helicon plasma source [45].
Courtesy of Ad Astra Rocket Company Costa Rica, Liberia, Costa Rica. (C) The VASIMRVX-
200SS high-power propulsion engine [28]. Courtesy ofAdAstraRocketCompany,Webster, TX,
USA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2. Location of whistlers and helicon plasma waves, among cold plasma waves propagating parallel to
the externally-applied magnetic field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.3. Estimation of 2D plasma density distribution in the VX-CR researchHPS, obtained through the
model developed by Ahedo et al. [2, 3]. Geometry and plasma parameters were obtained from
[26, 43, 45]. Density values are normalized with respect to the background neutral Argon density,
nn0 ≈ 2 × 1020 m−3. The VX-CR source is composed of a dielectric ceramic tube with R =
0.045m andL = 0.226m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4. Regions in the transition between the bulk plasma and a surface in contact with a plasma, such as
the inner confinement surfaces in a HPS or the surface of an electrostatic probe immersed in the
plasma. Graph (a) shows the behavior of the electron and ion density, while graph (b) shows the
electric potential. The surface is located at x = 0. The bulk plasma region is located at x > xps,
where the plasma is quasineutral and its potential is the plasma potentialΦp. The presheath is the
region xs < x < xps where both the plasma density and potential decrease gradually as x → xs.
The sheath properly begins at the pointx = xs ≈ λDe, where the ions acquire the Bohmvelocity

ui = uB = − (kBTe/mi)
1/2. Quasineutrality is broken, the electron density quickly decreases

to zero and the potential drops gradually towards the wall potentialΦw at x = 0. . . . . . . . . 17
3.5. Simplified diagram of the plasma-surface interaction phenomena most relevant to the study of

HPSs. The plasma sheath region is depicted at the top of the diagram, while the top layers of the
plasma-facing surface lattice are represented at its bottom, where the surface atoms are represented
by solid circles. (1) represents the impacting ion +©, approaching the surface at an angle θ with
respect to its normal, and with an energyE0. When the ion energy does not surpass the threshold
energy for sputteringE0 < Ethr, the ion may become neutralized by a surface electron releasing
a reflected neutral n© as shown in (2). In some cases, an additional electron e© may be released
(secondary orAuger emission, (3)). WhenE0 > Ethr, collisional cascadeswithin the top surface
lattice are sufficient to expel a surface atom and sputtering occurs (4). The sputtered surface
atoms might become ionized as they traverse the sheath, in which case they will be accelerated
by the sheath potential back towards the surface and redeposition of material may occur (5). If
the ion impact energy is sufficiently large, E0 >> Ethr, the ions may become neutralized and
implantedwithin the surface lattice (6). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

viii



3.6. Simplified representation of a typical implementation of a Helicon Plasma Source. . . . . . . . . 23
3.7. Sputtering yields for Ar+ ions impacting perpendicularly onto some of the compounds com-

monly used in the construction ofHPSs. Experimental data is shown for SiO2 [81, 112, 117], Al2O3

[81] and Si3N4 [117]; as well as computational results obtained with the SRIM-2013 package. . . . 26
3.8. Representation of the two main sputtering regimes present in helicon plasma sources, as previ-

ously reported in literature. (1) shows the conditions present at the boundary between the bulk
plasma, with density n0, and the internal dielectric boundaries within a HPS. Parameters such
as this density and the electron temperature Te define the conditions present within the plasma
sheath,which accelerate thepositive ions towars thewall through theplasma-wall potential∆Φp−w

[71]. If the energy obtained by the ions at the material boundary surpasses the threshold energy
Ethr, sputtering will then occur. (2) describes the situation particular to the areas under the an-
tenna straps, which may be subjected to high capacitive voltages driven by the external RF sub-
system [6, 8, 11]. Given sufficiently large voltages, the negative part of the antenna’s RF cycle will
accelerate the ions towards the surface with enought time to traverse the sheath, essentially behav-
ing as a high-voltage DC sheath [11]. Once again, if the energy obtained by the ions surpasses the
threshold limit, sputtering will occur. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1. (a) A simplified diagram of a Helicon Plasma Source (HPS). (b) A representation of the main
mechanisms of erosion present in Helicon Plasma Sources, reproduced from [44]. Region (1)
describes the acceleration of ions towards the inner confinement surfaces due to the DC sheath
and the floating negative potential present at the surface. Region (2) describes the acceleration of
the ions due to the present of an external source of RF excitation, such as the terminals of the
antenna used to excite the plasma discharge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2. Comparisonbetween the estimations providedby the heliconwave dispersion relationof equation
4.1 and experimental data published by Chen ([38]), Tysk et al. ([110]) and LaFleur [65]. The
shaded regions correspond to variations in the estimation of ne when considering the uncertainty
in the estimation of λ, taken as±50%. Uncertainty data was only available for the experimental
data points obtained fromTysk et al. ([110]), where the average uncertainty isu(ne) ≈ 1.5×1018

m−3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3. Comparison of the radial plasma density distribution estimated by Ahedo’s radial model [2, 3]

and experimental data published by Burin et al. [20], Castro et al. [26], and Thakur et al. [105,
106]. Uncertainty information was only available for the data sets from Burin et al. (where the
uncertainty is deemed “negligible”) and for Castro et al., where u(nr/nr0) ≈ 0.05. . . . . . . . 44

4.4. Comparison of the distribution of the on-axis plasma density as estimated by Ahedo’s axial model
[3] and experimental data published by Berisford et al. [11] and Takahashi et al. [101]. Uncertainty
data was not available for these data sets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5. Estimationof the sputtering yield at normal incidence for argon ions impacting ondifferent dielec-
tric ceramic materials commonly used inHPSs, obtained from the model presented in subsection
4.2.4. The fitting parameters used are those described in table 4.4. The estimations are compared
to the available experimental data points published for SiO2 [71, 81, 112, 117], Al2O3 [71, 81] and
Si3N4 [117]. Uncertainty datawas only available for the data sets obtained fromZalm et al. ([117])
where the average uncertainty is given as±10%, and for Varga et al. ([112]), where the average un-
certainty is u(Ysputt) ≈ 0.1 atoms/ion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

ix



4.6. (a)Diagram of the VX-CR research helicon device. The axial magnetic field is produced through
two solenoid coils, 1 in the HPS region and 2 located downstream of the source. The HPS itself is
located inside a high-vacuum chamber to prevent arcing from the voltages present in the RF sub-
system. 3 represents the upstream dielectric boundary of the source and this is the point where gas
injection occurs (not shown). 4 represents the dielectric cylindrical boundary of the HPS, as well
as the approximate location of the helicon antenna straps. 5 marks the location of a reciprocat-
ing Langmuir probe used to obtain ion current density and plasma density readings. 6 describes
the downstream section of the HPS, interfaced to a vacuum chamber and a pumping system (not
shown). (b) Experimental measurements of the magnetic field intensity B0 at the HPS axis as a
function of the z axial position. The coordinate system has its origin at the exit boundary of the
HPS dielectric cylindrical boundary, following the convention established in section 4.2.2. Mea-
surement uncertainties for the values ofB0 are less or equal than 0.0008 T . . . . . . . . . . . . 49

4.7. Experimental data obtained fromthe typical operation configurationof theVX-CRheliconplasma
source, adapted from [26]. (a) shows the measurements of the peak voltage Vp in the VX-CR he-
licon antenna, measured at the external RF feed line, as a function of the measured RF forward
power coupled into the system. A linear regression has been calculated for these data points, with
the resulting expression shown in the plot. (b) shows the estimated values for the electron temper-
ature Te as a function of RF forward power, obtained frommeasurements with the reciprocating
Langmuir probe. Experimental techniques and measurement uncertainties for these data points
have been described in [26]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.8. Estimated plasma density distribution in the VX-CR device [26, 45], as estimated by Ahedo’s
model [2, 3]. The relevant geometrical and physical parameters used for this simulation are listed
in table 4.5. The reference plasma density n0 is calculated as the ratio of the axial flow rate of
heavy species per unit area g0 and the ion Bohm velocity, n0 = g0/cs, and has a value of n0 ≈
4.04× 1018 m−3 in this particular simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.9. Estimated etch rates at the inner surfaces of the boundary dielectric containment material in the
VX-CRdevice, as obtained through the combination of the density distribution, sheath and sput-
tering models described in section 4.2. The etch rates for the axial (z = −L) boundary, the end-
plate located at the upstream end of the dielectric cylinder, are presented in the top row in plots
(a), (b) and (c); the corresponding etch rates for the radial (r = R) boundary, the inner surface
of the dielectric cylinder, are presented in the bottom row in plots (d), (e) and (f ). Estimations
are presented for three different dielectric ceramic materials (SiO2,Al2O3 andSi3N4) and three
reference values for the electron temperature Te. Plots are shown only for those scenarios where
the ion energies surpass the corresponding threshold energy for sputtering,E0 ≥ Ethr. . . . . . 53

4.10. Estimation of the etch rate at the radial boundary r = R, the inner surface of the dielectric cylin-
der, due to the low-frequency RF sheath induced by the vicinity of the straps of the helicon an-
tenna, using a method derived from the approach by Berisford et al. [11]. These plots represent
the estimated etch rates for all possible locations of these external sources of RF excitation; actual
devices typically have these antenna conductors at specific particular locations. Results are pre-
sented for three different candidate materials (SiO2,Al2O3 and Si3N4), and three values of the
electron temperature Te. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.1. Relationship between n0 and Te for the axial model from [3], as described by equation 5.1, for
a set of input mass flow rates of argon gas. The geometrical parameters of the source are those
representative of the VX-CR device as already described in Table 4.5. . . . . . . . . . . . . . . . 62

5.2. Simplified model depicting the elements relevant in the description of capacitive coupling phe-
nomena in the regions near the antenna terminals in a helicon plasma source. . . . . . . . . . . 65

x



5.3. 2D schematic cross section of the VX-CR helicon device ([26, 45]), with the last uninterrupted
flux surface or LUFS highlighted in red. The main elements of the helicon source have already
been identified and labeled in figure 4.6. Boundary material surfaces have been labeled as follows:
(A) the upstreamboundary surface, (B) the dielectric cylindrical tube, (C) the downstream limiter,
and (D) the interface port from the downstream vacuum chamber. . . . . . . . . . . . . . . . . 68

5.4. Relationship between the internal and external variables of the Power Balance model ([3, 113]) and
the 2D Cylindrical Plasma model ([3]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.5. Dependence of the collisional energy lost per ion-electron pair created, εc, on the electron temper-
ature Te for singly-ionized argon plasmas according to Gudmundsson [55]. . . . . . . . . . . . . 70

5.6. Results obtained with the optimization algorithm relating the Power Balance and 2DCylindrical
Plasmamodels. (a) shows the relationship between the electron temperature Te and the RF input
power levelPinp, and (b) presents the reference plasma density n0 as a function ofPinp. Plots are
shown for different values of the neutral argonmass flow rate, and for those configurations where
the optimization algorithm converged according to the established condition. . . . . . . . . . . 72

5.7. Experimental measurements of the electron temperature Te as a function of the input RF power
in the VX-CR device, as published by Castro et al. ([26]). The operational configuration of the
system is that described in table 4.5, with a neutral argon mass flow rate of ṁ = 200 sccm. . . . . 73
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Abstract

This thesis analyzes the erosion phenomena present in helicon plasma sources. These are electrodeless radiofre-

quency plasma generators which are able to produce high-density plasmas with low andmoderate input power lev-

els. They have increasingly found research and industrial applications ranging from fundamental physics research,

material processing, electric space propulsion and fusion-related research. The fact that they excite the plasma

through an external antenna and possess an axial magnetic field containing the plasma is believed to prevent ero-

sion interactions with the plasma-facing surfaces, yet this claim has not been critically assessed.

An analytical steady-statemodel is presented capable of estimating the 2Ddistributionof the plasma in cylindri-

cal helicon plasma sources, as well as the acceleration of ions through the sheath and the corresponding sputtering

phenomena in the boundary confinement surfaces. The model is validated through comparison with published

experimental data from a variety of relevant helicon plasma sources, and is then used to estimate the erosion rates

in the boundary surfaces of the VX-CR research helicon experiment. Results are analyzed and the strengths and

limitations of the model are discussed. The highest erosion rate estimates were obtained for the upstream closed

end of the cylindrical helicon device, followed by the erosion produced through RF capacitive coupling under the

location of the external antenna straps, and then the erosion produced by the acceleration of ions through the DC

sheath elsewhere in the inner surface of the cylindrical containment tube.

From these results, three main erosion modes in helicon plasma sources are identified and discussed. They are

the acceleration of ions through theDC sheath, the effects of theRF capacitive coupling under the helicon antenna

straps, and the contact or intersection of the magnetic field lines with the boundary surfaces. Potential mitigation

strategies are introduced and discussed. These include the control of the distribution of key plasma parameters

such as temperature and density, the proper configuration of the geometry and intensity of the magnetic field,

and potentially the use of physical mitigation means such as Faraday shields. Perspectives are presented regarding

remaining gaps in the understanding of these phenomena, and opportunities for future research.

Keywords: helicon plasma, surface, erosion, sputtering, model, simulation.
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Resumen

Esta tesis analiza los fenómenos de erosión presentes en las fuentes helicoidales de plasma. Estas consisten en

generadores de plasma mediante radiofrecuencia y carentes de electrodos, que son capaces de producir plasmas de

alta densidad a partir de niveles de potencia de entrada bajos ymedianos. En forma creciente, han encontrado aplica-

ciones industriales y académicas que abarcan desde la investigación en fı́sica básica, el procesamiento de materiales,

la propulsión espacial eléctrica, e investigaciones relacionadas con la fusión nuclear. Se cree que el hecho de que

excitan el plasma a través de una antena externa y que poseen un campo magnético axial conteniendo al plasma

les permite reducir las interacciones de erosión con las superficies internas, sin embargo esta afirmación no ha sido

evaluada crı́ticamente.

Se presenta un modelo analı́tico de estado estable, capaz de estimar la distribución 2D del plasma en fuentes

helicoidales de plasma cilı́ndricas, ası́ como la aceleración de los iones a través de las regiones de apantallamiento

eléctrico y los correspondientes fenómenos de pulverización catódica en las superficies de confinamiento. El mode-

lo se validó a través de comparación con datos experimentales publicados provenientes de una variedad de fuentes

helicoidales de plasma relevantes, y se utilizó posteriormente para estimar las tasas de erosión en las superficies de

confinamientode la fuente helicoidal experimentalVX-CR.Los resultados fueron analizados, y las fortalezas y debi-

lidades delmodelo fueron discutidas. Las tasas de erosión estimadasmás altas se obtuvieron para el extremo cerrado

ubicado ‘aguas arriba’ en la fuente helicoidal cilı́ndrica, seguido de la erosión producida a través del acoplamiento

capacitivo por radiofrecuencia (RF) bajo la ubicación de las terminales de la antena externa, y luego por la erosión

producida gracias a la aceleración de los iones a través de la zona de apantallamiento de corriente directa (CD) en

las restantes superficies internas del tubo de contención cilı́ndrico.

A partir de estos resultados, tres modos principales de erosión en las fuentes helicoidales de plasma se identifi-

caron y se discutieron. Estos son: la aceleración de los iones a través del apantallmiento CD, los efectos del acopla-

miento capacitivo por RF bajo las terminales de la antena helicoidal, y el contacto o intersección de las lı́neas del

campo magnético con las superficies de frontera. Se introdujeron y discutieron potenciales mecanismos de mitiga-

ción. Estos incluyen el control de la distribución a parámetros claves del plasma como la temperatura y la densidad,

la adecuada configuración de la geometrı́a e intensidad del campo magnético, y potencialmente el uso de mecanis-

mos fı́sicos de mitigación como pantallas de Faraday. Se presentan perspectivas sobre las brechas remanentes en el

entendimiento de estos fenómenos, ası́ como oportunidades para futuras investigaciones.

Palabras clave: plasma helicoidal, superficie, erosión, pulverización catódica, modelo, simulación.
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Chapter 1

Introduction

1.1. Context and Overview

Plasma is the scientific term used to describe the state of matter where a sufficient number of charged ionized

particles coexist, large enough that the plasma exhibits collective behavior due to their presence. It is considered

one of the fundamental states of matter, and the majority of the known universe exists as a plasma. The Sun, the

stars and many other astronomical entities consist of plasmas of different configurations. On Earth, lightning and

the auroras at the polar regions are some of the natural phenomena associated with plasmas and their particular

behavior.

The ability to create artificial plasmas for research purposes and for practical applications has given birth to the

fields of plasma physics and plasma engineering. Today, plasma technology is essential for a large variety of commer-

cial and industrial applications. These include the manufacturing of most integrated circuits (ICs) for electronic

devices such as smartphones, tablets and computers; material processing applications, including the treatment and

cutting of metals and surface treatments for components of advancedmedical devices; lightning applications, such

as fluorescent and neon lamps; and automotive applications such as the ignition systems for internal combustion

engines. Even newer applications of plasmas for practical purposes include their use to modify or affect organic

living tissue, for applications in agriculture as well as the novel field of human plasma medicine. Within the en-

ergy industry, the development of sustainable nuclear fusion has been a long goal of the plasma physics community,

with the promise of providing abundant, carbon-free energy in a high-density configuration without the existing

drawbacks of nuclear fission reactors. Another promising application of this technology is the field of electric space

propulsion, where plasmas are used for the production of thrust in spacecraft with efficiencies much higher than

traditional chemical rocket engines.

In order to produce these artificial plasmas for terrestrial applications, a plasma source is required. They consist

of amechanism to couple energy into aneutral gas, inorder to ionize it to a sufficient degree that it becomes aplasma.

Most plasma sources couple electrical energy into the plasma discharge. This can be achieved through electrodes or

cathodes that produce an electric arc, or through electromagnetic waves which resonate with the charged particles
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in the plasma.

This thesis focuses on a particular class of plasma sources, the helicon plasma sources. They exploit the specific

properties of helicon plasma waves, one of the many categories of electromagnetic waves that can exist in plasmas

when subjected to the presence of amagnetic field. Research on heliconwaves began in the 1950s and 1960s, but the

interest in helicon plasma sources surged in the 1980s and 1990s, when their ability to produce highly dense plasmas

with low power inputs became clear. Since then, helicon sources have been employed in fundamental research,

as well as in material processing applications, electric space propulsion designs and material science experiments

within the fusion research community.

Typical helicon sources employ external radio frequency sources coupled to a particular type of antenna, which

externally surrounds a cylindrical tube made of a non-conducting dielectric material. An external magnetic field is

supplied, with the field lines aligned with the axis of the cylinder. The neutral gas (or mixture of gases) selected for

creating the plasma flows inside the cylindrical element. When the radio frequency energy is conducted from the

external source to the antenna, given the proper combination of physical and geometrical parameters (geometry of

the device, electrical parameters of the wave, input power and mass flow rate of the neutral gas), a helicon plasma

discharge will be initiated.

Since the antenna surrounds the cylindrical discharge tube in helicon plasma sources, it is not in direct contact

with the plasma. This prevents the unwanted effects that energetic plasmas have upon electrodes, cathodes, grids

and other elements used to create and sustain the discharge in other devices where direct contact does occur. This is

an essential property that sets helicon plasma sources, and technologies based on them, apart from glow discharges,

hollow cathodes, ion thrusters with biased grids, Hall-Effect thrusters and many other devices where elements de-

grade due to bombardment with the energetic plasma. The combination of the use of the external antenna and the

presence of the axial magnetic field, has been cited as a reason enabling helicon plasma sources to have negligible

erosion rates on its internal surfaces and long operational lifetimes. This statement is typical of the helicon plasma

literature, yet it is a claimwhich has not been subjected to rigorous scrutiny. On the contrary, evidence does exist of

relevant plasma-surface interactions in helicon sources, despite the advantages cited above. This issue has become

more relevant in recent years, when helicon plasma sources have been chosen as components of high-power devices

used for space propulsion applications and fusion science research.

This thesis aims to contribute to the understanding of the interactions between plasmas and their confinement

surfaces within helicon plasma sources, particularly those operating at higher power levels, through the develop-

ment of practical simulation tools which can be used to estimate these effects and help in the design, development

or analysis of new and existing helicon plasma sources.

1.2. Research Objectives and Research Questions

This section will describe the fundamental objectives and questions guiding the research project described in

this thesis and its methodological approach.
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1.2.1. Research Objectives

Main Research Objective

To design an empirical and practical model which describes the distribution and intensity of erosion

phenomena in the plasma-facing surfaces of boundary materials within high-power helicon plasma

sources.

Specific Research Objectives

1. To review the existing body of knowledge regarding helicon plasma sources and plasma-material

interactions, in order to identify elements suitable for the design of a model of plasma-surface

interactions within helicon plasma sources.

2. To implement a practical simulation tool able to model plasma-surface interactions within he-

licon plasma sources and validate it against published experimental data.

3. To identify, based on the results provided by the simulation tool package, themainmechanisms

for erosion of the material boundary surfaces in high-power helicon plasma sources.

4. To identify andpostulate potential strategies tomitigate the effects of these erosionmechanisms.

1.2.2. Research Questions

Central Research Question

How are the distribution and intensity of erosion phenomena within the boundary surfaces of high-

power helicon plasma sources determined?

Additional Research Questions

Which are the critical factors andvariables of erosionphenomenawithinheliconplasma sources?

Which background theoretical work supports the understanding of erosion phenomenawithin

helicon plasma sources?

What are the relationships that exist between these factors and variables?

Can these relationships be implemented as an empirical practical model, suitable of experimen-

tal validation?

1.3. Theoretical Background

This project stems out of the work carried out in AdAstra Rocket CompanyCosta Rica (Liberia, Costa Rica),

where a high-power research helicon plasma source, the VX-CR experiment ([26, 45]), has been implemented in
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order to study thermalmanagement and lifetime issues in helicon sources. This research supports the development

of theVASIMR® engine ([28, 29]), a high-power electric propulsion engine for in-space transportation applications

developed by the Ad Astra Rocket Company ofWebster, TX, USA. The design of the VASIMR® engine contains

three interlinkedmagnetic cells. The first one of these is called the Ionizer stage and consists of a high-power helicon

plasma source responsible for efficiently creating a high-density plasma from the neutral propellant gas and con-

ducting it to the subsequent stages. The VX-CR experiment was designed as a practical test platform for trying out

design solutions for thermalmanagement, material erosion and lifetime issues pertinent to the Ionizer stage. Figure

1.1 shows an schematic diagram of the VASIMR® engine’s design, and a photograph of the VX-CR experiment.

(a) (b)

Figure 1.1: (a) Simplified diagram of the VASIMR® engine and its components. Courtesy of Ad Astra Rocket
Company. (b)The VX-CR experiment in Ad Astra Rocket Company Costa Rica.

These issues concerning the VASIMR® engine’s Ionizer stage are relevant for all helicon plasma sources ([35]).

Their study dates to the 1960s, but in the 1980s and 1990s interest in their potential rose due to their ability to

produce high-density plasmas with low input powers ([16, 37]).

One of the often-cited advantages of helicon plasma sources ([35, 92]) is the fact that since they rely on an exter-

nal antenna to couple radio frequencywaves into the plasma discharge and since they require an axialmagnetic field

that contains the plasma and prevents its radial diffusion towards the boundary wall, the erosion of their boundary

materials is negligible and the antenna is not even in contact with the plasma. This is thought to provide them

with long operational lifetimes. However, evidence suggests ([1, 6, 7]) that there are still plasma-surface interaction

phenomena present in helicon sources, and that they increase as new devices are operated at higher power levels.

One of these studies was published by Berisford et al. ([10, 11]), which includes experiments executed in the VX-CR

device and is a predecessor of this thesis.

The research project presented in this thesis aims to comprehensively review the issue of plasma-surface interac-

tion phenomena within helicon plasma sources, and develop validated simulation tools which can assist the design

of helicon plasma source implementations in order to minimize unwanted erosion phenomena.
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1.4. Methodology

In order to achieve the objectives of this research project, a comprehensive literature review has been carried

out in the physics of helicon plasma sources, the modeling of cylindrical magnetized plasmas, DC plasma sheaths

and RF sheaths, and the sputtering of solid materials by impacting ions at the low temperatures typical of helicon

discharges.

Relevant analytical or empirical models have been developed combining a description of the helicon wave dis-

persion relation ([36]), a 2D fluid-based description of the dynamics of magnetized plasmas in cylindrical geome-

tries ([3]), and the physics of plasma sheaths ([71]) and of sputtering reactions ([48, 71]). New correlations were

obtained for the analysis of sputtering of dielectric ceramic compounds by argon gas, by adapting existing models

formonoatomic targets and validating them against collected experimental data. A simulation of the power balance

in a helicon plasma source based on the simplification of previous work was also developed ([3]).

These models were implemented as numerical simulations using the Python programming language and its

NumPy and SciPy toolkit packages. These tools were then validated against published experimental data obtained

from helicon plasma sources fitting the requirements and assumptions of these models. Simulation runs were then

employed to explore the physics of plasma-surface interactions in helicon plasma sources, using the VX-CR ex-

periment as a prototype model for investigation. The results were discussed and the main erosion mechanisms

present in helicon plasma sources were identified. Potential mitigation strategies were presented and discussed, and

suggestions for future related research projects were proposed.

1.5. Contributions to the Research Field

The integration of analytical and empirical models for the description of erosion phenomena in steady-state

magnetized helicon plasma sources in a cylindrical configuration, and their implementation as computationally-

inexpensive numerical simulations implemented in a widely-available open-source programming language, is the

first major contribution of this thesis. The second relevant contribution is the comprehensive study of plasma-

surface interaction phenomena in high-power helicon plasma sources and the analysis of the main erosion mecha-

nisms. Both contributions add to the existingbodyof knowledge in thefields of heliconphysics andplasma-material

interactions, and could also be applied to other scenarios with similar configurations and characteristics.
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Chapter 2

Research Summary and Thesis Structure

This chapter describes the structure of this thesis andprovides a summary of the contents of eachof its chapters.

Chapter 3 provides a literature review on the fields of helicon wave physics, the modeling of cylindrical mag-

netized plasmas, plasma sheaths, and plasma-surface interactions with an emphasis on sputtering of materials by

energetic ions. Findings from recent experiments related to this topic are also reported and discussed. Chapter 3

was originally published as a peer-reviewed open-access article,

DelVale JI,ChangDı́azFR,GranadosVH. (2022),PlasmaSurface InteractionsWithinHeliconPlasma

Sources. Front. Phys. 10:856221. doi: 10.3389/fphy.2022.856221

https://www.frontiersin.org/articles/10.3389/fphy.2022.856221/

Chapter 4 presents the implementation of a simplified analytical model describing the 2D distribution of the

plasma density in cylindrical magnetized plasmas, the physics of the DC and RF sheaths formed at the boundary

surfaces, and an empirical submodel of the sputtering of these surfaces by energetic incident ions. This model was

validated against published experimental data from relevant helicon plasma sources, and was then used to estimate

and discuss erosion phenomena in the VX-CR research helicon plasma source. These results were used to identify

and discuss the mainmechanisms of erosion present in helicon plasma sources. Chapter 4 was originally published

as a peer-reviewed open-access article,

Del Valle JI, Granados VH and Chang Dı́az FR (2022), Estimation of erosion phenomena within he-

licon plasma sources through a steady-state explicit analytical model. Front. Phys. 10:950472. doi:

10.3389/fphy.2022.950472

https://www.frontiersin.org/articles/10.3389/fphy.2022.950472/

Chapter 5 presents a discussion of the topic of erosion phenomena within helicon plasma sources, based on

the findings and results of chapters 3 and 4. Themain erosionmechanisms of erosion in helicon plasma sources are
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identified and analyzed. A power balance model is introduced with the goal of relating the internal parameters of

the plasma discharge with external physical inputs to the source; its results and limitations are discussed. A list of

potential mitigation strategies are presented which may reduce the severity of these plasma-material interaction in

helicon sources.

Chapter 6 summarizes the global conclusions of this thesis, and also presents an outlook of recommended

future research avenues which may extend or complement its results.

AppendixApresents a summary of the derivation of theCold PlasmaWave approximation, and also the deriva-

tion of the dispersion relations for both Helicon plasma waves as well as the Trivelpiece-Gould waves. Appendix

B presents the complete derivation of the 2D fluid models for cylindrical magnetized plasmas which were intro-

duced in chapter 3 and whose implementation is discussed in 4. Appendix C presents the complete derivation of

the power balancemodel introduced in chapter 5, as well as the description of themodel used to estimate the energy

cost per ion-electron pair created in helicon discharges using argon gas. Appendix D presents the source code for

the Python scripts implementing the models described in chapter 5. Appendix E contains the original publications

corresponding to chapters 3 and 4, in their original layout from the corresponding journals.
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Chapter 3

Plasma-Surface Interactions Within Helicon

Plasma Sources

This chapter was originally published as a peer-reviewed open-access article,

Del Vale JI, Chang Dı́az FR, Granados VH. (2022), Plasma Surface Interactions Within

Helicon Plasma Sources, Front. Phys. 10:856221, doi: 10.3389/fphy.2022.856221

https://www.frontiersin.org/articles/10.3389/fphy.2022.856221/

Abstract:Helicon Plasma Sources do not require electrodes or grids directly immersed in the plasma,

and also present an axial magnetic field confining the plasma discharge. These factors are believed to

provide themwith long operational lifetimes because of the reducedpotential for surface etching. The

physics of helicon waves, cylindrical magnetized plasmas, sheaths and plasma-surface interactions are

discussed in the context of this claim. Practical implementation aspects are also reviewed, along with

relevant experimental results. It is shown that understanding the distribution of ion density within

the source, the presence of induced potentials in its surfaces and the physics of low-energy sputtering

reactions is essential to properlymodel erosion phenomenawithin helicons, and consequently predict

their performance in practical applications.

Keywords: helicon plasma, surface, erosion, sputtering, interactions.

3.1. Introduction

Helicon plasma sources (HPS) have attracted attention in recent decades because of their ability to produce

high-density plasmas at low ormoderate power levels andmagnetic field intensities. For example, electron densities

of more than 1012 cm−3 can be produced on helicon plasma sources operating at input power levels of around

1 kWe [92]. These properties make them suitable for practical applications in several fields. Within the research

of plasma-material interactions at fusion-relevant conditions, HPSs have been used as part of test facilities where
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candidate wall materials are subjected to the typical operating conditions in projected fusion devices [87, 106], up

to heat flux levels exceeding 20MW/m2 [23]. Helicons have also been used in the plasma-processing of commercial

materials and products [82, 114]. Within the field of electric space propulsion, helicon plasma thrusters have been

actively developed in recent years [31, 34, 89, 93, 100]; helicons are also essential components of more advanced

electric propulsion systems such as the VASIMR engine [28]. Figure 3.1 shows some examples of devices based on

helicon plasma sources.

Figure 3.1: Examples of applications ofHeliconPlasma Sources. (A) The Proto-MPEX linear device for the study of
plasma-material interactions at fusion-relevant conditions [87]. Courtesy of Oak Ridge National Laboratory, U.S.
Dept. of Energy. (B) The VX-CR research helicon plasma source [45]. Courtesy of Ad Astra Rocket Company
Costa Rica, Liberia, Costa Rica. (C) The VASIMR VX-200SS high-power propulsion engine [28]. Courtesy of
Ad Astra Rocket Company, Webster, TX, USA.

Another key feature of HPSs is that they typically do not have electrodes or cathodes in direct contact with

the plasma, but rely instead on external radio frequency (RF) systems to launch and couple the corresponding

waves within the medium and excite the discharge. This differs from other common plasma sources such as glow

or DC discharges, where the plasma risks contamination from the release of electrode material or the source may
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fail altogether if this element erodes sufficiently. Avoiding direct contact between the plasma and such elements is

particularly useful where a long operating lifetime is desired for the plasma source, either because long duty cycles

will be required in the application (as in commercial plasma-processing devices), high power densities are required

(as in linear devices used for the research of suitable materials for fusion-relevant conditions) or because these pre-

vious conditions combine with the impossibility to access the device in the case of component failure (as in electric

space thrusters).

Despite this advantage particular to the discharge excitation mechanism, practical implementations of HPSs

do contain other confinement surfaces which are in direct contact with the plasma. The performance of helicon

sources depends on the specific properties of these surfaces aswell, and their ability towithstand the conditions they

are subjected to throughout the operating lifetime of the source. These issues are therefore also important when

considering the long-term viability of helicon plasma sources in their intended applications, and are the subject of

the present review.

This article is structured as follows. Section 3.2 discusses the physics behind helicon plasma waves and recent

results on the modeling of cylindrical magnetized plasmas. Section 3.3 then reviews the theory of plasma-surface

interactions as it applies to helicon plasma sources. Section 3.4 describes practical aspects of helicon plasma source

design and implementation, as they relate to the plasma-surface interaction phenomena. Finally, section 3.5 sum-

marizes this review’s findings and offers perspectives for the advancement of the research and design of reliable,

robust helicon plasma sources with long operational lifespans.

3.2. Physics of Helicon Plasma Sources

3.2.1. Helicon Plasma Waves

Heliconwaves are a category of right-hand polarized (RHP) plasmawaveswhich propagate alongDCmagnetic

fields in bounded systems. They are related to so-called whistler waves, which have been studied in atmospheric

physics since the early twentieth century. Whistlers and helicon waves belong to the group of right-hand polarized

(RHP)waves propagating parallel to amagnetic field, in the frequency rangeωci ≪ ω ≪ ωce (whereωci is the ion

cyclotron frequency and ωce is the electron cyclotron frequency), together with electron cyclotron waves. Figure

3.2 shows the location of whistlers and helicon plasma waves within aw-k diagram representing RHP cold plasma

waves.

A historical perspective for the first twenty years of helicon research has been given by Chen and Boswell [16,

37]. The following twenty-year period has been covered in more recent reviews by Chen [35] and Shinohara [92].

Theoretical treatments of the physics behind helicon waves have been produced, among others, by Klozenberg et

al. [63], Chen [32], and Chen and Arnush [5, 36].

A basic dispersion relation can be obtained for helicon plasma waves from simplifying the Appleton-Hartree

expression for quasi-longitudinal right-handed cold plasma waves [54, 98], propagating at an angle θ from an axial,
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Figure 3.2: Location of whistlers and helicon plasma waves, among cold plasma waves propagating parallel to the
externally-applied magnetic field.
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static magnetic fieldB = B0êz,

β =
ω

k

n0eµ0

B0

(3.1)

where β2 = k2 + k2⊥ is the total wave number, k = β cos θ and k⊥ are the parallel and perpendicular

components of the wave number, and n0 is the plasma density. This expression, despite being a simplification,

provides an intuitive insight on the relationship between themagnetic fieldB0, the densityn0, the wave frequency

ω and the wave number β, and can be used as a starting point when designing or analyzing a HPS.

A more detailed description of helicon waves can be obtained from Maxwell’s equations by neglecting ion

motions and the displacement current, as originally shown by Klozenberg et al. [63]. When the effects of electron

inertia are retained within the analysis [36, 37, 83] two solutions are obtained for the dispersion relation,

β1,2 =
k

2δ

[

1∓
(

1− 4δk2w
k2

)1/2
]

(3.2)

where δ = ω/ωce is the ratio between the wave frequency and the electron cyclotron frequency ωce =

eB0/me, and k2w = ww2
p/wcc

2 = wn0eµ0/B0 ≡ αk is the wavenumber for low-frequency whistler waves

along B0 in free space, with α = β the wave number previously described in equation 3.1. wp is the electron

plasma frequency at density n0. δ is neglected when the effects of the electron mass are omitted or for frequencies

ω ≪ ωce.

Equation 3.2 describes two solutions for the wave dispersion relation, which can be simplified as shown in

equation 3.3.

β1,2 ≈
k

2δ

[

1∓
(

1− 2δk2w
k2

)]

≈
{

k2w/k

k/δ
(3.3)

Solution β1 corresponds to the zero electron mass limit, and describes the helicon wave (“H”) from equation

3.1. The second solution β2 = β2 cos θωce/ω describes a wave with frequencyω = ωce cos θ, which is an electron

cyclotron wave propagating at an angle to the magnetic field. This is the Trivelpiece-Gould mode (“TG”), first

described in bounded systems by Trivelpiece and Gould [109]. The TG mode co-exists with the H mode, and

becomes relevant at lower values ofB0. The TGmode is thought to play a relevant role in the dampingmechanism

of helicon plasma sources and to contribute to its high ionization efficiency via mode-conversion processes [90].

Equation 3.3 describes the dispersion relation for both the H-mode and the TG mode. Expressions for the

magnetic and electric fields (B, E) have been derived for different geometries as described in the early works on

helicons [63, 70] as well as in more recent literature [32, 37, 83]. These expressions depend as well on the boundary

conditions chosen for the analysis and on whether these boundaries are modelled as conductors or not [36]. Prac-

tical implementations of HPSs are typically linear devices implemented as cylindrical enclosures made of dielectric

materials, as will be described in section 3.4.
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The expressions obtained fromequations 3.1 and 3.3, aswell as the detailed derivations of theB andEfields that

can be obtained for a particular configuration and geometry, can be used as an initial approximation to understand

the regimes ofH andTGmodes that can be propagated in a given configuration, and establish a baseline estimation

of the expected density distribution in a given HPS device.

One particular advantage of HPSs stemming from the fundamental physics of helicon waves is the ability of

these devices to couple RF waves at the core of dense plasmas, enabled by the presence of the axial magnetic field

and the propagation of the H-mode. This fact presents an advantage over other types of plasma sources, such as

inductively-coupled plasmas (ICPs) where the penetration of RFwaves into the plasma is limited by its skin-depth,

or electron-cyclotron sources (ECR),wheremicrowaves cannot propagate below theO-mode cutoff frequency (the

electron plasma frequency ωpe).

An investigation on the mechanisms which enable the initiation of the high-density helicon mode (the H-

mode), based on modeling and experimental work, has been carried out by Carter et al. [25], including indirect

evidence of the deposition of RF power at the high-density core in a helicon plasma source.

3.2.2. Cylindrical Magnetized Plasmas

Section 3.2.1 described helicon plasma waves and derived their dispersion relation in various scenarios. The

general behavior of magnetized plasmas in cylindrical geometries will now be analyzed, which is relevant to the

characterization of practical HPSs as described in section 3.4.

The problem of describing the bulk behavior of a plasma discharge has been addressed since the early stages of

the development of plasmaphysics. In the classical paper byTonks andLangmuir [108], expressionswere derived for

thedistributionof the electric potential in an arc discharge, for various geometries including cylindrical coordinates.

Scenarios were analyzed for different regimes of ion collisionality and ionization rates. This work also contains a

treatment of the plasma-material boundary at the edge of the plasma discharge, pointing to the discontinuity of

the bulk model within the plasma sheath.

In a later paper, Tonks [107] studied the effects of themagnetic field in an arc plasma. One of the cases described

was the positive column plasma immersed within a longitudinal magnetic field, the same typical configuration

applied nowadays to most helicon plasma sources. A radial model is developed based on classical diffusion theory.

More recentmodels for cylindricalmagnetized plasmas have been developed by Fruchtman et al. [50] and Sternberg

et al. [97]. These works introduced the use of 2D fluid models in cylindrical coordinates (with the assumption

of azimuthal symmetry), the separation of variables in order to decouple the expressions for the radial and axial

coordinates, and the analysis of different degrees of magnetization. Differences between these authors rely on the

assumptions chosen to simplify their models. The previous works were further adapted and extended by Ahedo

et al. [2, 3], who developed a 2D model for cylindrical magnetized plasmas as part of their work on describing the

plasma dynamics within helicon plasma thrusters. The properties of these models have been summarized in table

3.1.

These descriptions of cylindrical magnetized plasmas can be used to approximate the distribution of key pa-
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Table 3.1: Relevant models developed for cylindrical magnetized plasmas which are applicable to the study of Heli-
con Plasma Sources.

Tonks Ewald et al. Fruchtman et al. Sternberg et al. Ahedo et al.
Reference [107] [49] [50] [97] [3]

Dimensionality 1D 1D 2D 1D 2D
Symmetry Azimuthal, Azimuthal, Azimuthal Azimuthal, Azimuthal

Longitudinal Longitudinal Longitudinal
Inertia

Electrons N/A No No No Yes, except longitudinal
Ions N/A Yes Yes Yes Yes

Quasineutrality Yes Yes Yes Yes Yes, except within sheath
Isothermality

Electrons Yes Yes Yes Yes Yes
Ions Yes Yes, Ti ≈ Tn Yes, Ti = 0 Yes, Ti = 0 Yes, Ti ≪ Te

rameters within the discharge, such as the density distribution, the velocity of ions and electrons, and the plasma

potential. As an example, the complete model developed by Ahedo et al. [2, 3] is described by a set of four radial

equations and five more for the axial dimension. These take as inputs information regarding the ion species taking

part in the discharge, collisional rates related to the ionization and interactions between ions, electrons and neu-

trals, and constant parameters such as the magnitude of the axial magnetic field B0 and the isothermal electron

temperature Te.

The dispersion relations found for helicon plasma waves in section 3.2.1 can be used to obtain reference values

for parameters such as the peak density value in the discharge. This information canbe coupledwith the description

obtained from a 2D fluid model in order to project the distribution of plasma density, kinetic energy and plasma

potential througout the discharge. Understanding the values of these parameters at the boundaries of the system,

where the plasma comes into contact with solidmaterials, is essential to describe the interaction phenomena taking

place in this region. Figure 3.3 shows an example of the models from references [2, 3] being used to estimate the 2D

plasma distribution within a particular HPS, the VX-CR device. Data from these models can be used to obtain the

plasma conditions at the radial (r → R) and axial (z → −L) boundaries, which then enable the analysis of the

interaction between the plasma discharges and the physical confinement materials.

3.3. Plasma-Surface Phenomena in HPS

Solid materials often constitute the physical boundaries of plasmas, and the interaction between the surface

atoms and the bulk plasma canhave a significant effect on the behaviour of the latter. In the case of typicalHPSs, the

dielectric containment surfaces are the only regions of direct interaction between the plasma andmaterial surfaces.

This is a particular advantage over other plasma generation technologies in which electrodes or cathodes have to

be immersed within the plasma discharge, as they constitute additional regions of potential failure limiting the

operational lifetime of the device. It is therefore relevant to understand the fundamental principles behind the
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Figure 3.3: Estimation of 2D plasma density distribution in the VX-CR researchHPS, obtained through themodel
developed by Ahedo et al. [2, 3]. Geometry and plasma parameters were obtained from [26, 43, 45]. Density values
are normalized with respect to the background neutral Argon density, nn0 ≈ 2× 1020 m−3. The VX-CR source
is composed of a dielectric ceramic tube withR = 0.045m andL = 0.226m.
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most typical plasma-surface interactions within HPSs, in order to characterize them and to design strategies for

their control or mitigation.

3.3.1. Plasma Sheaths

DC Sheaths

Sheath is the region near a material boundary in contact with a plasma where the bulk quasineutrality breaks

due to the buildup of charge at the surface. In low-temperature plasmas, such as those typically found in HPSs,

the more mobile electrons produce a negative charge at the surface and, therefore, a positive sheath where the ion

density is larger than the electron density, ni > ne. Sheaths typically have a scale in the order of the Debye length,

λD = (ǫ0Te/en0)
1/2. Sheaths have been studied since the early days of plasma physics, with the term originally

coined by Irving Langmuir [68].

The process by which the quasineutrality in the bulk plasma transitions into the sheath is gradual, and three

distinct regions can be identified as shown in figure 3.4. The quasineutral density within the bulk plasma (ni =

ne = n0) begins to decrease in the vicinity of the boundary, in a region called the pre-sheath where the bulk

density and the plasma potential both decrease. The scale of the pre-sheath is of the order of the ionmean free path

(λi). The plasma then enters the sheath proper, at which point the quasineutrality does break and the electron

density diminishes at amuch faster rate than the ion density. The plasma potential decreases until reaching the wall

potential, which is typically lower than the bulk plasma potential.

An important property of the transition from the plasma to the sheath is the Bohm Sheath Criterion, which

establishes a condition on theminimum energy of the ions as they enter the sheath. The derivation of this criterion

is based upon the assumptions of negligible ionization within the sheath itself, negligible electric field at the plasma

edge, Maxwellian electrons with a density given by the Boltzmann relation and cold ions with constant tempera-

ture [4, 71]. Its expression is provided by equation 3.4 and states that the energy of the ions within the sheath is

comparable to that of the electrons in the bulk plasma, and that their thermal velocities surpass the Bohm velocity

u2B = (kBTe)/mi.

eV0 ≥
Te

2
⇒ vi ≥ uB (3.4)

It is possible to find expressions for the potential obtained by the surface wall due to the formation of the

sheath. For the case of collisionless sheaths, equation 3.5 describes the wall potential with respect to the plasma

potential at the sheath-presheath point of transition for the case of floating surfaces immersed within the plasma

[71], a condition typical of certain types of probes as well as the boundary surfaces of HPSs.

Φw = −
(

kBTe

e

)

ln

√

mi

2πme
(3.5)

This value is directly proportional to the electron temperature, and a constant factor related to the ion/electron
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Figure 3.4: Regions in the transition between the bulk plasma and a surface in contact with a plasma, such as the
inner confinement surfaces in a HPS or the surface of an electrostatic probe immersed in the plasma. Graph (a)
shows the behavior of the electron and ion density, while graph (b) shows the electric potential. The surface is
located at x = 0. The bulk plasma region is located at x > xps, where the plasma is quasineutral and its potential
is the plasma potentialΦp. The presheath is the regionxs < x < xps where both the plasma density and potential
decrease gradually as x → xs. The sheath properly begins at the point x = xs ≈ λDe, where the ions acquire the

Bohm velocity ui = uB = − (kBTe/mi)
1/2. Quasineutrality is broken, the electron density quickly decreases to

zero and the potential drops gradually towards the wall potentialΦw at x = 0.
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mass ratio. It is also possible to obtain expressions for the approximate width of the sheath, as well as expressions

for these values when the sheath is collisional or the material surface is biased with a particular voltage [71].

Thebehavior of theplasma as it enters and traverses the sheath is critical to theunderstandingof thephenomena

occuring at the boundary surfaces, as these depend on the energy of the ions and electrons reaching it.

RF or Capacitive Sheaths

Indeviceswhere radiofrequency (RF)waves, plasmas andmaterials coexist, theRFwavefield dominates the for-

mation and properties of the sheath near the boundary surfaces, allowing the appearance of potentials that surpass

those typical of DC sheaths dominated by thermal effects. This phenomenon is defined as an RF plasma sheath,

and it presents specific implications in the design of capacitive plasma sources, in material processing applications

andwithinRF subsystems in fusion devices. An early treatise on this subject was presented by Butler andKino [21],

and amore recent review on this topic has been presented byMyra [78] with a particular emphasis onmagnetically

confined fusion systems.

RF sheaths present several features not found in the previously described DC sheaths. Plasmas interact with

electrodes driven by oscillating currents Irf , characterized by a frequencyωrf . The sheaths created in the boundary

region between the bulk plasma and these electrodes have a time-varying thickness correlated to the oscillation in

the driving electrical parameters. Similar to theDC case, quasineutrality breaks within the sheath with the electron

density becoming very low or even negligible. Lieberman and Lichtenberg [71] show simplified models for the

case of simple, plane-parallel capacitive discharges, where assumptions help to gain a better understanding on the

phenomena involved.

For idealized cases where the driving frequency is larger than the ion plasma frequency,ω2
rf ≫ ω2

pi, the ions re-

act to the time-averaged potentials in the bulk plasma and not to the drivingRF frequency. On the other hand, elec-

trons do respond to the drivingRF current, given the particular conditionω2
pe ≫ ω2

rf(1+ν2m/ω2
rf), with νm being

the electron-neutral collision frequency. The current travelling through theRF sheaths is thenmostly displacement

current produced by the time-varying electric field (given the very low electron density within the sheaths); unlike

inside the the bulk plasma where electrons react to the RF field and are able to carry the current through conduc-

tion. The analysis of an RF sheath depends on several factors, including the geometry of the problem, whether

collisions are present within the sheath (when the ion mean free path, λi is smaller than the sheath thickness) and

the frequency applied by the RF source. For the very high frequency (VHF) range, high (ne ≈ 1017m−3) plasma

densities can be achieved with moderate power input, and this has been exploited in commercial devices used for

materials processing [83].

In the particular case where ωrf < ωi, with ωi = 2π/τi and τi being the ion transit time through the sheath,

the ions within the sheath are able to respond to the time-varyingRF field and a low-frequencyRF sheath is formed

[71]. These differ from the high-frequency case since current conduction through the sheath is dominated by resis-

tive effects and not by the displacement of the time-varying electric potential. Besides, the voltage at the capacitive

electrodes becomes rectified within portions of the RF cycle, losing its sinusoidal character. In this low-frequency

regime, ions react to the sheath as in the case of a high-voltageDC sheath, and the energy they obtain is a non-linear
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function of the time-varying voltage within the RF cycle [71].

RF sheaths are relevant toHPSs since they are present in the regions near the conductors of the antenna system

used to produce the helicon discharge, where the plasma reacts to the time-varying field of theRF cycle. Despite the

advantage presented by the fact that the antenna can be located outside of the discharge chamber, these RF sheaths

are able to accelerate ions traversing the RF sheath with energies that can surpass those obtained in the boundary

DC sheaths present in other regionswithin the source. This fact has critical implications for the subsequent analysis

of plasma-material interactions within HPSs.

3.3.2. Plasma-surface interactions

Plasma-surface interactions (PSIs) or plasma-material interactions (PMIs) comprehend the different phenom-

ena that occur when ions, electrons and neutrals within a plasma reach a material boundary. These interactions

might produce effects on both the plasma itself as well as on the boundary. PSIs are essential in the field of plasma

materials processing, and are also critical to the succesful development of practical fusion devices [75, 86], as most

designs include open magnetic flux surfaces where the plasma directly impinges the physical boundaries. They are

also crucial in the advancement of electric propulsion technologies, where the lifetime of the thrusters directly de-

pends on the erosion rate of those critical surfaces directly in contact with the plasma discharge or the plume of the

thruster [19, 84].

Several processes can occur at the physical boundaries of a helicon plasma. Positive ions traversing the sheath

typically become neutralized, in a process that either produces an excited neutral, or a neutral plus the emission of a

secondary electron (Auger emission, [71]). Secondary electron emission has been found to play a role in the sheath

dynamics of certain types of low-energy plasma discharges, such as capacitively-coupled plasmas [59].

Another fundamental process is sputtering, the removal of material from a solid surface material due to the

impact of an energetic impinging particle, typically ions in the case of plasma discharges. It is one of the most rele-

vant phenomena occuring at the boundary surfaces of plasma discharges, since it can be responsible for significant

erosion of said surfaces if the adequate conditions aremet. Figure 3.5 depicts the basicmechanisms behind themost

relevant PSI phenomena encountered in the study of HPSs.

Theoretical treatments of the phenomenon of sputtering are provided by Sigmund [95], Bohdansky [15], Ya-

mamura [116], Eckstein [48] and Behrisch et al. [9]. Most models describe the process as the result of collisional

cascades in the surface layer of the target material, in which the momentum of the impacting ion is transferred to

an atom in the target material’s lattice through ellastic collisions. The random arrangement of the position of both

particles implies that an oblique collision is likely. The impacted target atom, in turn, collides with other neighbor-

ing particles triggering the cascade. With sufficient energy in the original impacting ion, eventually the collisional

cascade will provide one of the atoms in the surface layer with an energy level surpassing the surface binding energy

of the material [62], and a momentum directed outside of the surface. The atom will then be sputtered from the

surface.

Simulation of the sputtering process based on the first principles from classical mechanics is possible, by using
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Figure 3.5: Simplified diagram of the plasma-surface interaction phenomena most relevant to the study of HPSs.
The plasma sheath region is depicted at the top of the diagram, while the top layers of the plasma-facing surface
lattice are represented at its bottom, where the surface atoms are represented by solid circles. (1) represents the
impacting ion +©, approaching the surface at an angle θ with respect to its normal, and with an energyE0. When
the ion energy does not surpass the threshold energy for sputtering E0 < Ethr, the ion may become neutralized
by a surface electron releasing a reflected neutral n© as shown in (2). In some cases, an additional electron e©may
be released (secondary or Auger emission, (3)). When E0 > Ethr, collisional cascades within the top surface
lattice are sufficient to expel a surface atom and sputtering occurs (4). The sputtered surface atomsmight become
ionized as they traverse the sheath, in which case they will be accelerated by the sheath potential back towards the
surface and redeposition of material may occur (5). If the ion impact energy is sufficiently large,E0 >> Ethr, the
ions may become neutralized and implantedwithin the surface lattice (6).
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the technique of Molecular Dynamics [64, 111]. Other popular simulation packages are based on the Monte Carlo

statistical method, such as TRIM.SP [13] and SRIM [118]. Sputtering yield estimations obtained by the use of these

software packages are strongly dependent on the chosen input parameters, and have been shown to differ from

experimental values in certain ranges [115].

The fundamental parameter in sputtering models is the sputtering yield, Ysputt, defined as the number of

surface atoms sputtered off the surface per incident impacting ion. Ysputt ismainly a function of the ion species and

surfacematerial, the ion energy and the angle of incidence between the surface normal and the ion’s velocity vector.

Below a particular threshold energy level,Ethr, ion impacts are not able to sputter surface atoms and Ysputt = 0.

Several models have been developed to produce estimations for the sputtering yield, each particular to the

species involved in the process, and the angle of incidence and energyE0. Lieberman and Lichtenberg [71] report

expressions valid for large atomic species within certain boundaries of their atomic number ratio. Eckstein and

Preuss [48] proposed the model shown on equation 3.6, which is valid for ions impacting the surface at a normal

angle of incidence.

Y (E0) = qsKrC
n (E0)

(

E0

Ethr
− 1
)µ

λ+
(

E0

Ethr
− 1
)µ (3.6)

where the krypton-carbon interaction potential sKrC
n [48, 51] is used as an adequate mean value for different

participating species and describes the nuclear stopping cross section1. This parameter is defined as follows,

sKrC
n (ε) =

0.5 ln(1 + 1.2288ε)

ε+ 0.1728
√
ε+ 0.008ε0.1504

(3.7)

The reduced energy ε is obtained as follows,

ε = E0
Mt

Mi +Mt

aL
ZiZte2

(3.8)

where the subindexes i and t are used to describe the atomic numbersZ and atomicmassesM of the projectile

ion and target surface atoms, respectively. aL is the Lindhard screening length [73],

aL =

(

9π2

128

)1/3

aB

(

Z
2/3
ion + Z

2/3
tar

)−1/2
(3.9)

where aB is the Bohr atomic radius.

The remaining free parameters q and λ from equation 3.6 can be found in [9] for a variety of impacting ions,

1The parameter sKrC
n corresponds to a fit to the krypton-carbon nuclear stopping cross section. It was proposed by Garcia-Rosales

et al. ([51]) as an improvement to the sputtering formula from Bohdansky, which itself was an improvement on the Yamamura sputtering
formula. It is not meant to represent the presence of either krypton or carbon in the sputtering phenomenon under analysis, but is instead
a generic approximation of the particular sputtering nuclear cross section which is then used within the Eckstein sputtering formula.
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target materials and ion energies.

When ions impact on aboundary surface not in aperpendicular direction, but instead at an angleαwith respect

to the surface normal, the calculation of the sputtering yield needs to take this geometry into account. Eckstein and

Preuss [48] proposed the formula in equation 3.10,

Y (E0, α) = Y (E0, 0)

{

cos

[(

α

α0

π

2

)c]}−f

exp







b



1− 1

cos
[(

α
α0

π
2

)c]











(3.10)

where

α0 = π − arccos

√

1

1 + (E0/Esp)
≥ π

2
(3.11)

Esp is a binding energy characteristic of impacting ions, and c and f are fitting parameters. Behrisch and

Eckstein [9] have compiled tables for these formulae for the most common ions and target materials.

For the case of surface materials consisting of alloys or compounds of different elements, the sputtering yield

will be different for each different species present in the target surface. For the steady state with a sufficiently high

flux of incident ions, the sputtering yields will distribute according to the stochiometric concentration of each

species within the target compound. However, this distribution is not kept for small fluences of impinging ions,

and the phenomenon of preferential sputtering occurs.

For binary targetmaterials, containing two elemental species i and j, the sputter preferentiality δ can be defined

[9] as a ratio of the elemental sputtering yields Yi, Yj and their stochiometric concentrations ci, cj ,

δ =
Yi
Yj

cj
ci

(3.12)

δ can also be estimated as follows,

δ =

(

Mj

Mi

)2m(Uj

Ui

)1−2m

(3.13)

whereMi,Mj are the atomicmasses,Ui, Uj the surface binding energies andm is a power exponent describing

the interaction potential.

When a plasma encounters a solid surface, such as at the boundaries provided by the containment surfaces of

a HPS, a sheath will be formed and ions will be accelerated according to the potential present at the wall. If the

ions are able to increase their energy beyond the threshold energy Ethr, sputtering will occur and the surface will

be modified. Combining this information with the density distribution obtained through experimental measure-

ments or simulations, such as the fluidmodels described in section 3.2.2, an etch rate or erosion rate can be calculated
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for the surface. This value can be used to project the behavior of the HPS and establish limits to its useful lifetime

in a particular practical application.

In practical applications, the etch rateE of a surface bombarded with energetic ions, measured as a ratio of the

etch depth per unit of time, is calculated as a function of the incident ion flux Γi, the particular sputtering yield Y

and the mass density of the target surface ρt as shown in equation 3.14,

E =
ΓiYMm,t

ρtNA
(3.14)

where Mm,t is the molar mass of the target surface and NA is Avogadro’s constant. The calculation of the

sputtering yield would take into account all the considerations discussed in this section. The incident ion flux Γi

is determined by the particular conditions of the plasma discharge near the surface; for example, it can be approx-

imated by applying the Bohm Sheath Criterion and specifying that Γi = nsuB where ns is the ion density at the

entrance of the sheath and uB the ion Bohm velocity.

3.4. Relevant Engineering Aspects

Figure 3.6 shows a simplified 2-D cross section of a typical HPS built in a cylindrical geometry (excluding aux-

iliary vacuum vessels, diagnostics or nozzle elements which may exist in laboratory or thruster applications). A

cylindrical dielectric tube is sealed at one of its ends by an endcap or barrier. Neutral gas is fed inside the cylinder

from an external source. An axial magnetic field, parallel to the dielectric cylinder axis, is created by using solenoid

coils or permanentmagnets. An antenna is used to launch the heliconwaves into the neutral medium; this antenna

is typically placed outside of the exterior surface of the dielectric tube. The open end of the cylinder is commonly

attached to an external chamber and a gas extraction system capable ofmaintaining the vacuumpressure within the

source at the required limits. Considerations for the design and implementation of practical HPSs are discussed in

detail in [83].

Figure 3.6: Simplified representation of a typical implementation of a Helicon Plasma Source.
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Given the fact that the antenna used to launch the helicon waves can be placed outside the plasma medium,

surrounding the external surface of the dielectric cylinder, the plasma-facing surfaces of the endcap, the dielectric

cylinder and anyother purposely-designed limiter innerwalls are the onlymaterial boundaries in direct contactwith

the plasma, and therefore the only ones potentially subject to plasma-material interactions. The axialmagnetic field

limits the diffusion of particles toward the cylinder’s inner surfaces. The upstream section of typical HPSs, shown

at the left of figure 3.6, will usually contain another boundary surface and is a common location for the injection of

the neutral gas required to sustain the plasma discharge. Depending on the specific geometry of a particular device,

this section might be located in the vicinity of the helicon antenna or away from it, and the magnetic field might

remain parallel to the axis of the source or diverge instead. The density of neutrals is usually higher in this region,

promotingmore frequent interactions with ions and removingmomentum from them, which in turn has an effect

on the energy they carry towards the boundary surfaces.

The careful selection of these materials interacting with the plasma discharge, as well as an adequate design of

the HPS geometry, magnetic field and antenna, can reduce the plasma density and particle energies near the inner

surfaces of these elements and therefore mitigate their erosion due to material sputtering. This in turn provides

HPSs with the potential of long operational lifetimes. This is a critical property in fields such as in-space electric

propulsion, where thrusters based on HPSs are among the leading candidate technologies within electrode-less

thrusters [30].

3.4.1. Plasma-facing materials in HPSs

Materials used for the construction of HPSs must comply with a number of often conflicting properties. RF-

transparent materials are commonly used to manufacture the cylindrical tube, allowing for the efficient transmis-

sion of the RF waves produced by the external antenna to the plasma medium. This requires materials with a low

dissipation of RF energy, which is usually measured in terms of the loss tangent (tan δ). The amount of thermal

energy dissipated by the boundary material is directly proportional to this loss tangent parameter, which is in itself

proportional to the material temperature [27]. This can potentially create a positive feedback loop of RF energy

losses within the boundary material, showing the importance of the material selection in practical HPSs.

From a practical engineering point of view,HPSmaterials should feature a high thermal conductivity, enabling

the distribution and extraction of the heat loads produced by the inherent inefficiencies of theRF transmission and

the ionizationprocesswithin the source. Materialswith ahigh thermal conductivitywill allow theheat loadspresent

in the material to spread axially and azimuthally, promoting the creation of a more even temperature distribution

and reducing the appearance of thermal hotspots. This in turn contributes to the reduction of the amount of

thermal energy dissipated as the RF energy traverses the boundary material. Thermal management of HPSs is a

critical issue in practical implementations [11, 12, 41, 45, 77], and is essential for the development of high-power

systems relying on HPSs, such as the VASIMR engine [96], the Proto-MPEX PMI research device [94] and the

PISCES-RF steady-state helicon device [106].

De Faoite et al. [40] compiled a thorough reviewof the available data on themost relevant thermal andmechan-

ical properties of dielectric technical ceramics commonly used in HPSs, focusing on those aspects relevant to the

24



thermal management issues described above. The materials included in the analysis included alumina, aluminum

nitride, berylia, quartz, sialon and silicon nitride. A later work [42] presents linear regressions of these properties

as a function of temperature, where adequate fits were found for some of them while also highlighting the limits

of the publicly available data sets.

In order to assess the reliability of these dielectric materials under the boundary conditions present in inner

confinement surfaces of HPSs, their sputtering parameters would have to be evaluated under similar conditions,

using the models and techniques discussed in section 3.3.2. As an example, figure 3.7 compiles experimental and

simulated data for the sputtering yields of singly charged argon ions impacting some of these dielectric materials

commonly used in HPSs, as a function of the impacting ion energy and at normal incidence. These choices are

typical for the materials used in the VX-CR research HPS [45].

As an indicative example, erosion phenomena will be estimated for a typical HPS operating with an electron

temperature of Te ≈ 5 eV and a density n ≈ 2× 1018 m−3 in the regions near the surface of a floating dielectric

confinement wall [69]. Equation 3.5 estimates that the wall potential becomesΦw = −23.5V. If the ions enter the

sheath with negligible kinetic energy, it can be assumed this will be the incident energy at the wall, slightly larger

than the corresponding threshold energy for sputtering Ethr ≈ 19eV . If the wall material is alumina, equation

3.6 produces a value of Y ≈ 0.06 atoms/ion for the case of normal incidence to the surface and equation 3.14

produces an approximate etch rate ofE = 17.62 nm/s. If the wall thickness of this material is t = 2.5mm, this

means it would take∆t = 141.9 × 103 s= 39.4 hours for the wall to erode (in a scenario where all conditions

remain constant). If the confinement surface is made of quartz glass (silicon dioxide), the wall potentialΦw would

be below the threshold energy for sputtering for argon ions impinging on SiO2, E0 < Ethr ≈ 35 eV, and no

sputtering would occur.

If these conditions exist in the vicinity of the antenna straps of theHPS,where theRF energy is transmitted as a

13.56MHz signal with a peak-to-peak voltage amplitude ofVpp = 1 kV (and therefore a peak voltage ofVp = 500

V), the methods described by Berisford et al. [10] can be used to estimate an average sputtering rate given the ion

energy distribution function for low-frequency RF sheaths [71]. In this particular case, an average sputtering yield

of Yavg = 0.08 is obtained for the case of Argon ions impacting the alumina surface. The corresponding etch rate

would then beE = 23.5 nm/s, and it would take∆t = 106 400 s= 29.56 h for the wall to erode. If the material

is quartz, the RF sheath would be able to produce sputtering, with an average yield of Yavg = 0.06, an etch rate of

E = 18.85 nm/s and the surface would be eroded in∆t = 132 600 s= 36.84 h. These are extremely simplified

estimations, where conditions remain constant during the whole process, and no variations in the sputtering yield

are introduced due to surface modification or deviations from normal incidence as the surface degrades.

3.4.2. Relevant experimental work regarding PSI within HPSs

HPSs have been used as part of plasma processing devices since early in their development [34, 82]), generating

plasmas with the adequate parameters in order to modify the surfaces of samples or substrates subjected to their

discharge. However, few studies have been conducted on the effects of the plasma discharge itself upon the inner

confinement surfaces of HPSs.
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Figure 3.7: Sputtering yields forAr+ ions impacting perpendicularly onto some of the compounds commonly used
in the construction of HPSs. Experimental data is shown for SiO2 [81, 112, 117], Al2O3 [81] and Si3N4 [117]; as well
as computational results obtained with the SRIM-2013 package.
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Among these, Aanesland et al. [1] reported on the effects of an additional, floating copper antenna immersed

within the discharge itself. They describe the sputtering of copper atoms from this additional antenna, which are

then redeposited on the inner surface of the dielectric discharge tube. At high power levels, they describe how

the areas in this dielectric tube located under the straps of the external helicon antenna remain clean due to the

re-sputtering of the deposited copper layer. They suggest this is an effect of the RF sheath created on the plasma-

surface boundary, as previously discussed in section 3.3.1.

This samemechanismwas observedbyBerisford et al. [11], when researching thepowerdistribution and erosion

within the dielectric tube of a linear helicon device. These authors developed expressions to estimate the etch rates

observed at these regions under the straps of the extenal helicon antenna,modelling the sheath present in these areas

as a low-frequencyRF scenario (refer to section 3.3.1) and averaging the sputtering yield according to the ion energy

distribution throughout the RF cycle [71]. These findings were validated through experimental observations of the

actual erosion in the dielectric cylinder used in their experiment. These authors were able to estimate the required

particle flux at the regions under the helicon antenna conductor from themeasured etch rates, and also by analyzing

IR thermal data measured at the same location; both estimations agreed within a factor of two.

Barada et al. [6] investigated this phenomenonmore thoroughly, experimentally confirming the existence of an

increased negativeDCbias under the straps of the external antenna in the inner surfaces of aHPS, and investigating

how this wall potential is affected by variations in the helicon discharge parameters. Infra-red (IR) thermography

measurements taken on the inner surface of the dielectric ceramic window of the PISCES-RF device [106] also

provided indirect evidence of this phenomena, showing increased values of the plasma heat flux under the straps

of the helicon antenna, particularly the conductor connected to the live (non-grounded) terminal of the RF power

supply.

The use of Faraday shields has been explored as a means to mitigate the effect of capacitive coupling within

inductively-coupled plasmas (ICPs), and their application to HPSs has been suggested for the same purpose [99].

The Faraday shield has been implemented as a cylindrical jacketmade of conductingmaterial, installed between the

dielectric plasma confinement surface and thehelical antennaused in the ICP reactor [58]. Longitudinal slits have to

be cut along this shield, to enable the inductive fields to penetrate the discharge. Specific experiments applying this

technique toHPSs have yet to be performed. This method could potentially improve the performance of HPSs by

reducing the erosion rate due to capacitive coupling under the antenna straps; however, its effects on other aspects

of the source such as thermal management, and discharge efficiency, have to be investigated.

Recent experiments by Beers et al. [7, 8] describe the analysis of the helicon discharge section of the Proto-

MPEX device, where they combined a finite-element model describing the helicon discharge, an ad-hoc sheath

model and a transport code in order to analyze the production of impurities due to sputtering at the material

boundaries. Their results confirm the experimental findings of Berisford et al. [11] and Barada et al. [6], showing

the importance of the electrostatic potentials near the helicon antenna straps as a source of energetic ions impacting

the radial boundaries. They also showed the difference between the operation in non-magnetized and magnetized

regimes, as was also discussed by Ahedo et al. [3].

The effect of the strength and geometry of the magnetic field on the performance of HPSs has also been re-
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searched. The magnetic field has an effect on the density profile within the source. Lafleur et al. [66] show that its

intensity affects the peak value of the plasma density in the helicon mode, and they show the existence of optimal

configurations for given values of input RF power and magnetic field intensity. The axial magnetic configuration

is also able to modify the performance of a HPS. Takahashi et al. [101, 103, 104] have described the distribution of

momentum transfer between the plasma and different elements of the source, its relationship with the magnetic

field configuration and how it can affect the total thrust of a helicon plasma thruster. These experiments describe

how the ions are able to impart an axial momentum to the inner wall of the dielectric confinement material, due to

the fact that their velocity vector is not completely normal to the wall surface [104]. This method could be used to

indirectly estimate the incident angle with the confinement surface as the ions traverse the sheath, a critical factor in

the calculation of the sputtering yield, although it is shown how the radial component is responsible of the energy

transfer towards the wall.

The profile of the magnetic field within a HPS can be designed to mitigate the consequences of plasma-wall

interactions within the source. Caneses et al. [22] describe experiments where two configurations of the magnetic

field within the Proto-MPEX high-power helicon device were used to demonstrate the usefulness of controlling

where the last uninterruptedmagnetic flux surface (LUFS)makes contactwith the inner confinment surfaces of the

source. They relocated this contact point away from the dielectric ceramic window towards a purposely-designed

stainless steel cylindrical limiter surface, an element with a function analog to that of divertors in fusion devices.

This design change reduced the thermal heat loads under the dielectricwindow associatedwith direct impingement

of the plasma, since themagnetic geometrymaintains the LUFS at aminimumdistance of approximately 1 cm away

from the boundary surfaces. The plasma density decays rapidly beyond this point, as the magnetic lines intersect

the material boundaries more often. This technique of magnetic field shaping allows the Proto-MPEX to reduce

the heat loads on the dielectric window, but its effects on the sputtering and erosion related to plasma-surface in-

teraction have not been thoroughly investigated. However, the careful design of magnetic geometries is commonly

used for this purpose on electric propulsion devices [57, 76].

Figure 3.8 summarizes the findings of these experiments with regard to the appearance of sputtering phenom-

ena within the internal dielectric confinement surfaces of HPSs. Region (1) in the figure represents areas within

these internal surfaces in direct contact with the plasma, where a sheath forms and the dielectric surface obtains

a negative electric potential Φw as described by equation 3.5. The positive ions are then accelerated towards the

wall with a surface flux determined by the product of the bulk plasma density n0 and the Bohm velocity uB they

obtain when entering the sheath. The effect of the impinging ions on the dielectric surface can then be analyzed

according to the sputtering models discussed in subsection 3.3.2, and effective surface etch rates may be computed.

Region (2) in figure 3.8 describes the particular phenomena observed by Berisford et al. [11], Aanesland et al. [1],

Barada et al. [6] and Beers et al. [7, 8], where the creation of RF sheaths on the internal surfaces directly under the

helical antenna straps may create the conditions for high-voltage DC sheaths in the negative part of the cycle. In

this scenario, average sputtering yields can be computed through the ion energy distribution within the negative

portion of the RF cycle [71], and hence etch rates can be computed as well.
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Figure 3.8: Representation of the two main sputtering regimes present in helicon plasma sources, as previously
reported in literature. (1) shows the conditions present at the boundary between the bulk plasma, with density n0,
and the internal dielectric boundarieswithin aHPS.Parameters such as this density and the electron temperatureTe

define the conditions present within the plasma sheath, which accelerate the positive ions towars the wall through
the plasma-wall potential∆Φp−w [71]. If the energy obtained by the ions at the material boundary surpasses the
threshold energy Ethr, sputtering will then occur. (2) describes the situation particular to the areas under the
antenna straps, which may be subjected to high capacitive voltages driven by the external RF subsystem [6, 8, 11].
Given sufficiently large voltages, the negative part of the antenna’s RF cycle will accelerate the ions towards the
surface with enought time to traverse the sheath, essentially behaving as a high-voltage DC sheath [11]. Once again,
if the energy obtained by the ions surpasses the threshold limit, sputtering will occur.

3.5. Summary and conclusion

Helicon Plasma Sources (HPSs) hold great potential for the development of efficient, high-density plasma

sources. One of their widely quoted advantages is the absence of cathodes or electrodes directly in contact with

the plasma discharge. This fact limits any plasma-surface interactions to the inner surfaces of the dielectric confine-

ment surfaces, where the diffusion of the plasma is limited by the action and geometry of the axial magnetic field,

thus reducing the expected material erosion rates and providing these devices with a potentially long operational

lifetime. This proposed advantage of HPSs, among others, is still the subject of debate [53, 102].

The present review summarized the theory describing these interactions, beginning with the physics of heli-

con waves and cylindrical magnetized plasmas (section 3.2), followed by a description of the most relevant plasma-

surface interacion phenomena within HPSs (section 3.3). Practical implementation aspects and relevant experi-

mental results were presented in section 3.4.

Current research results point towards the existence of two main modes of plasma-surface interaction within

HPSs. The first one is the diffusion of plasma towards the inner surfaces of these material boundaries, where the

ions are then accelerated through DC sheaths and sputtering may occur if they are able to become energized above

the corresponding threshold energy level. The eventual etch rate experienced by particular devices will depend on

theplasmaparameters near the boundaries, the species present in theplasma and thewallmaterial, and the geometry

of themagnetic field at each region. The secondmode of interaction appears in the regions of the helicon dielectric

window directly under the conductor straps of the antenna, where capacitive RF sheaths are created and accelerate
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the ions. Direct (profilometry and surface analysis) and indirect (IR thermography) evidence has confirmed the

existence of this phenomenon, and it has also been investigated through modeling and simulations. Experimental

results suggest that these RF sheaths appearing under the helicon antenna straps are responsible for the appearance

of thermal hot spots and regions of concentrated erosion patterns in the inner surface of the dielectric windows of

HPSs.

Despite recent advances in the description and understanding of these plasma-material interactions within he-

licon plasma sources, several topics are still open for research and experimentation. Current modeling efforts inte-

grate different specific tools to simulate the interactions between the plasma discharge, the transport and diffusion

of the plasma species throughout the simulation domain, the creation of DC and RF sheaths and the interaction

phenomena occuring at the material boundaries. As usual within the simulation of plasma phenomena, varying

timescales, lengths and energy levels are involved. Integrated simulation efforts for the specific purpose of study-

ing sputtering and impurity transport within HPSs are recent, and they could benefit from the development of

purposely-designed integrated simulation tools for this task.

Specific models for sputtering phenomena on the dielectric ceramics commonly used in HPSs should be de-

veloped and validated through experimentation. Additionally, the interaction between the sputtered species, the

original plasma, external impurities and the boundary surfaces, including the formation of new compounds and

molecules, appears to be a topic of relevance, as shown in the results obtained in the Proto-MPEX device [7] where

these relationships where taken into account to better explain the observed experimental results.

Themagnetic field geometry can be designed in order to displace the contact points between the plasma and its

boundary surfaces and also to create a separation between the magnetic flux surface enveloping the plasma and the

confinment materiales. This strategy appears to have a potential effect in reducing the erosion phenomena within

the HPS, as suggested by the effect it has shown in modifying and reducing the heat flux distribution in the Proto-

MPEX experiment [22]. Yet this claim has not been thoroughly investigated. This experiment also demonstrated

how cylindrical liners can be placed at the locations where the plasma does contact the boundary surfaces; when

this occurs outside of the section where the helicon antenna is located, the requirement for an RF-transparent

dielectric window can be removed and other materials with lower sputtering yields can be selected. However, the

exact interactions between these liner materials, the plasma, and the sputtered impurities have to be investigated.

This technique could offer some critical advantages for the creation of impurity-free plasmas in high-power helicon

devices used to research fusion-relevant material interactions; but they might introduce new unwanted issues in

other applications where the physical lifetime of the hardware is the priority, such as in electric propulsion devices.

From an experimental perspective, the diagnostics able tomeasure the above-mentioned parameters can be im-

proved. Given the linear nature ofmost helicon devices, access to the critical regions near the dielectric ceramicwin-

dow and the RF antenna region is complex. High power density devices, such as the Proto-MPEX and Pisces-RF

devices, or the VASIMR VX-200SS engine, create a hostile environment for most physical probes. Measurements

have been done of the inner wall potential [6], the radial heat flux and the UV radiation [11], yet these experiments

were not conducted inside high-power, steady-state devices.

Measurements of the effects of sputtering within the inner surface of helicon confinement surfaces have been
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studied through profilometry [11] and x-ray photoelectron spectroscopy [7]. Extensive experience in this particular

field has been obtained in the simulation and execution of long-duration experimental runs of electric propulsion

devices [18, 47, 84, 91], but not in those which employ HPSs. Diagnostics such as optical profilometry [52] and

coordinate-measuring machines [43] could also be applied to HPSs, particularly for the measurement of surface

erosion after long-duration tests in high-power devices.

The engineering problem of managing the heat fluxes transferred by the plasma onto the inner confinement

surfaces of HPSs is partially related to the plasma-surface interaction issues discussed throughout this review, since

the direct impingement of energetic ions onto these surfaces is one of the mechanisms of heat transfer present in

the sources. Some mitigation techniques previously discussed, such as shaping the magnetic field to control the

points of direct contact between the plasma and these inner surfaces, can be applied to both phenomena. The role

of the temperature on the erosion rate of these surfaces in contact with the plasma has not been investigated in the

particular case ofHPSs. The formation of nanostructures has been studied in the case of candidatematerials for the

divertors of projected fusion devices [61]; similar conditions might be achievable in high-power HPSs operating at

steady-state for longperiods of time, andwhether these phenomena affect the sputtering of these inner confinement

surfaces remains to be investigated.

The physics concepts presented here can be combined to establish a framework for analyzing the impact of

plasma-material interactions within HPSs, and explore mitigation strategies suited for the development of high-

power helicon sources, particularly for those applications where an extended operational lifetime of the system

is a critical requirement. These concepts can be used to model the density distribution within the HPS, and the

existence of induced RF or DC bias voltages on its inner surfaces, which appear to be a significant factor in the

appearance of local sputtering and deposition phenomena. A sufficient understanding of these phenomena will be

required as the application of high-power, steady-state helicon sources continues to grow in the fields of materials

processing, fusion research and in-space electric propulsion.
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Chapter 4

Estimation of erosion phenomena within

helicon plasma sources through a steady-state

explicit analytical model

This chapter was originally published as a peer-reviewed open-access article,

Del Valle JI, Granados VH and Chang-Diaz FR (2022), Estimation of erosion phenomena

within helicon plasma sources through a steady-state explicit analytical model, Front. Phys.

10:950472, doi: 10.3389/fphy.2022.950472

https://www.frontiersin.org/articles/10.3389/fphy.2022.950472/

Abstract:Helicon plasma sources produce high-density discharges without the need of electrodes in

direct contact with the plasma, which is thought to provide themwith long operational lifetimes. An

explicit steady-state analytical model is described with the capability of depicting the 2D plasma den-

sity distribution, the sheath potentials and the estimated sputtering and etch rates along the plasma-

facing components of the source. The individual constituting submodels are fitted against available

experimental data, and the model is used to predict erosion rates within the VX-CR research helicon

plasma source. Erosion within these components is dependent on the value of plasma density along

the boundaries, the electron temperature and the particular ion-target material combination. The

highest erosion rates are found along the upstream system boundary, followed by the regions near the

helicon antenna straps where a capacitive RF sheath is formed. The assumptions and limitations of

the model are discussed, and future improvements are proposed.

Keywords: helicon plasma, erosion, sputtering, model, etching.
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4.1. Introduction

The use of helicon plasma sources (HPSs) ([35]) within different research and practical applications has gained

traction because of their ability to produce high-density plasmas at low power levels and magnetic field intensities,

and their capability to dissipate energy into the plasma deeper than other technologies such as capacitively-coupled

(CC) or inductively-coupled (IC) discharges. Helicon sources have found usage within the materials processing

industry, in electric propulsion devices, as ion sources for fusion systems, and within facilities researching the in-

teractions between plasmas and materials at fusion-relevant conditions.

One of the claimed advantages of HPSs is the fact that the discharge is driven by radiofrequency (RF) waves

emitted from an external helical antennawhich does not contact the plasma directly, thereby discarding any damage

to it as a potential failure mode. The erosion of electrodes and grids facing the plasma discharge is one of the key

lifetime-limiting factors in practical devices relying on other plasma-generation techniques, andHPSs are therefore

expected to exhibit long-lasting operational regimes. The presence of axial magnetic fields within HPSs also con-

tributes to confine the plasma and reduce its diffusion towards the material boundaries. However, the erosion of

these internal plasma-facing components due to the contact with the discharge has not been widely investigated in

order to accurately estimate its effects. As these sources find their way into ever larger and more powerful devices,

clearly understanding their limitations becomes key to the engineering of reliable and robust devices.

In a previous paper ([44]), we have contributed a review of this topic and the different phenomena involved in

its analysis, anddescribedpast publishedwork addressing erosionphenomenawithinHPS.Among those, Berisford

et al. [11] conducted experimental measurements of the etching phenomena on the inside of a quartz tube used as

dielectric boundary in a helicon source. They identified the voltages induced by the helicon antenna on the inner

surface of the HPS dielectric cylindrical boundary as a key erosion mechanism, and correlated their predictions

with experimental measurements to within an order of magnitude. Their work relied on simplified formulas for

the sputtering of elemental targets by energetic ions and low-frequency RF sheaths, adapted for their particular

HPS. Barada et al. [6] and Thakur et al. [106] also confirmed the relevance of this capacitive coupling phenomena

in the regions near the location of the antenna straps. Recent work by Beers et al. [7, 8] developed a combined

model integrating a finite-element simulation of the RF discharge, an ad-hoc sheath model and a transport code

to estimate erosion and deposition rates in high-power deuterium discharges from the Proto-MPEX experiment,

which were then compared to experimental measurements. Their approach to sputtering simplified the actual

aluminum nitride (AlN) boundaries as pure aluminum, given their observations of aluminum enrichment in the

surface after experimental runs. Their simulation provides an accurate and detailed prediction of sheath potentials,

sputtering and deposition phenomena, and impurity transport within the HPS; its disadvantage is the complexity

involved in the convergence of discrete 3D codes.

In the present work, we describe the development and validation of a modeling tool for the estimation of sput-

tering and etch rates within the plasma-facing components of aHPS. It combines individual analytical modules for

analyzing the 2D distribution of plasma density within the source, the voltages produced by the sheaths in different

regimes, and the sputtering phenomena and associated etching. The 2D plasma description and the sheath models

adapt fluid-dynamic models previously published in the literature, while the sputtering package is also based on
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adapted empirical expressions developed tomatch available experimental data. The sputteringmodel was extended

to provide the ability of simulating compound target materials. The combined model aims to simplify the esti-

mation of average and peak erosion rates within HPSs, with the goal of providing a flexible tool that can be used

to predict the performance of a particular device, to develop general erosion mitigation techniques for HPSs in

general, and for the engineering analysis of practical helicon implementations.

This paper is organized as follows. Section 4.2 describes the individual components which form part of the

simulation package. Section 4.3 describes the validation of each individual submodel against publicly-available

experimental data sets; as well as the application of the combined tool to a particularHPS, the VX-CRdevice at Ad

AstraRocketCompanyCostaRica. Section4.4 analyzes these results anddiscusses the assumptions and limitations

underlying the model, and section 4.5 summarizes the main findings of this work.

4.2. Mathematical Models

This section describes the first-principlemodels underlying the implementation of the analysis tools developed

for the investigation of erosion phenomena within helicon plasma sources.

Figure 4.1a) presents an idealized diagram of a helicon plasma source (HPS), showing its main components in

a typical cylindrical configuration, as well as the coordinate system defining the simulation domain. Figure 4.1b),

reproduced from [44], describes the twomainmodes of erosion phenomenawithin the plasma-facing components

of HPSs, as described in the literature.

The models presented in the following subsections are independent of the particular ion species present in the

plasma, although they do assume the discharge is produced with a single gas (not a mixture of gasees), which is

singly-ionized (a typical case in most low-temperature helicon sources).

4.2.1. Dispersion relation for helicon waves

Helicon waves fall into the category of right-hand polarized (RHP) plasma waves, which propagate along con-

stant magnetic fields in bounded systems. They are related to atmospheric whistler waves, and typically appear in

the frequency range ωci ≪ ω ≪ ωce, where ω is the excitation frequency and ωci and ωce are, respectively, the

ion and electron cyclotron frequencies for the given configuration.

A description of the relation dispersion describing helicon plasmawaves can be obtained fromMaxwell’s equa-

tions, applying the cold plasma approximation (non-thermal ions) and neglecting the displacement current, as

shown in detail by Chen and Arnush [5, 33, 36].

When electron inertia is retained in the derivation, the total wave number β of the wave is defined by

β1,2 =
k

2δ

[

1∓
(

1− 4δk2ω
k2

)1/2
]

≈
k‖

2δ
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1− 2δk2ω
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{

k2ω/k‖
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(4.1)
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Figure 4.1: (a) A simplified diagram of a Helicon Plasma Source (HPS). (b) A representation of the main mecha-
nisms of erosion present inHelicon Plasma Sources, reproduced from [44]. Region (1) describes the acceleration of
ions towards the inner confinement surfaces due to theDC sheath and the floating negative potential present at the
surface. Region (2) describes the acceleration of the ions due to the present of an external source of RF excitation,
such as the terminals of the antenna used to excite the plasma discharge.
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where θ is the angle of propagation of the wave with respect to the constant, axial magnetic fieldB = B0êz,

with components parallel and perpendicular toB: β2 = k2‖ + k2⊥, where k‖ = β cos θ and k⊥ = β sin θ. The

ratio δ = ω/ωce is the ratio between the wave frequency and the electron cyclotron frequency ωce = eB0/me,

and k2ω = ωω2
p/ωcec

2 = ωn0eµ0/B0 ≡ βk‖ is the wavenumber for low-frequency whistler waves alongB0 in

free space.

The first solution to equation 4.1, β1, corresponds to the helicon or H mode obtained in the zero electron

mass limit, when electron inertia is neglected. Solution β2 corresponds to the Trivelpiece-Gould or TG mode, an

electron cyclotronwave propagating at an angle to themagnetic field and a relevant dampingmechanism in helicon

plasma sources, particularly at low values ofB0.

The expression for theH mode β1 can be expanded as

β1 =
ω

k‖

n0eµ0

B0

=
ω

β1 cos θ

n0eµ0

B0

(4.2)

where n0 corresponds to the electron density of the plasma where the wave is propagating, with e the electron

charge and µ0 the permeability of free space.

The previous equation provides a means to estimate the maximum value of the expected plasma density for a

givenhelicondevice as a functionof the axialmagnetic field intensityB0, for given values of the excitation frequency

ω, the parallel wave number k‖ and the angle θ between thewave propagation vector andB0. These last parameters

can be determined through the source’s RF subsystem and the antenna geometry.

For the typical scenario of a helicon plasma source of cylindrical geometry of radiusR and exciting modem =

1, the previous equation can be simplified [32, 33] to

n0 =

(

p0k‖

Rωeµ0

)

B0 (4.3)

where p0 is the lowest root of the Bessel function of the first kind and order 0 (J1(p0) = 0, with p0 ≈ 3.83).

The actual distribution of plasma density within practical helicon plasma sources is seldom uniform, yet this

expression enables the estimation of a reference value for the expected peak plasma density, which can be used with

the subsequent models when describing the variation in all relevant plasma parameters.

4.2.2. 2D fluid description of cylindrical magnetized plasmas in steady-state

The description of the plasma behavior within a helicon plasma source is provided by a 2D, two-fluid descrip-

tion of cylindrical plasmas in the presence of an axial magnetic field using the cylindrical coordinate set (r, θ, z).

The chosen model is an implementation of the asymptotic magnetized regime proposed by Ahedo and Navarro-

Cavallé [3], which describes a quasineutral, isothermal plasma with azimuthal symmetry and where the ion tem-

perature is much lower than the electron temperature, Ti ≪ Te. Themodel is based in a series of assumptions and
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simplifications, including: steady-state, azimuthal symmetry, cold neutrals whose velocity un and density distribu-

tion nn only depend on the axial position, longitudinal ambipolarity where the axial and radial velocities of ions

and electrons are constant (uiz = uez anduir = uer) and the ion azimuthal velocity is negligibleuiθ ≪ ueθ = uθ,

among others chosen by the authors.

Themodel is described by a set of radial and axial equations. The radial submodel describes the behavior of the

plasma at a given axial location z. The ratio between the plasma densitynr and its value at the cylinder axisnr(z, 0)

can be described by the expression

nr(z, r)

nr(z, 0)
= J0

(

a0
r

R

)

(4.4)

wherer is the radial coordinate,R is themaximumradius of the cylindrical plasmadischarge,nr is thequasineu-

tral plasma density, J0 is the Bessel function of the first kind of order 0 and a0 ≈ 2.405 is the first zero of J0.

The radial component of the ion and electron velocityur is normalizedby the ion sound speed cs =
√

eTe/mi

and can be expressed as

ur
cs

= a0

(

νeωr

ω2
lh

)[

J1(a0r/R)

J0(a0r/R)

]

(4.5)

where the term νe = νen + νei + νion is a linear combination of the electron-neutral νen and electron-

ion νei collision frequencies as well as the ionization frequency νion, ωr = cs/R is the radial transit frequency;

ωlh = eB0/
√
memi is the lower-hybrid frequency and J1 is the Bessel function of the first kind of order 1. The

collision rates composing the term νe can be approximated as a function of Te, as described in [3].

The electron azimuthal velocity uθ is normalized by the electron thermal velocity ce =
√

eTe/me and is

described by the expression

uθ
ce

= (ur/cs) (ωlh/νe) . (4.6)

Boundary conditions for the radial model preclude null plasma velocities and plasma potential ur = uθ =

φp = 0, and a known plasma density n(z, r) = n(0, r) at the cylinder axis r = 0. At the r = R physical

boundary, the Bohm sheath criterion states that ur(z,R) = cs.

The axial submodel describes the plasma parameters at the r = 0 coordinate as a function of the axial coordi-

nate z. For the limit of large Te, largeB0 and with ideal plasma recombination at the system physical boundaries

(producing neutrals with the same axial velocity un), the ideal asymptotic model from Ahedo et al. ([3]) can be

applied.
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The axial neutral velocity un remains constant throughout the source,

un = un0. (4.7)

The axial velocity of both ions and electrons, uz , is normalized by the ion sound velocity cs and defined in

terms of the auxiliary variable ξ as follows

uz/cs = tan ξ. (4.8)

The plasma density n is described by the following expression

n/n0 = 2ηu cos
2 ξ (4.9)

where n0 = g0/cs is a reference plasma density, g0 is the axial flow of heavy species (ions + neutrals) at the

upstream boundary of the source g0 = ṁ/(miπR
2), ṁ is the input mass flow to the system, andmi is the mass

of the ions. The parameter ηu = nz=0/n0 is the propellant utilization defined as the ratio between the plasma

density at the downstream open boundary of the system, nz=0, and n0.

The axial neutral density nn is defined as

nn/nn0 = 1− ηu sin 2ξ (4.10)

where nn0 = g0/un0 is a reference neutral density.

The axial variation of the auxiliary variable ξ is defined implicitly by the integral expression

z + L

L⋆
=

∫ ξ

−π/4

1− tan2 ξ′

1− ηu sin 2ξ′
dξ′ (4.11)

where L is the axial length of the simulation space, L⋆ = cs/(Rionnn0) is an effective ionization mean free

path, andRion is the ionization collision rate. An expressions forRion as a function of Te is provided in [3].

The boundary conditions for the axial model include the given known values for the following parameters at

both the upstream boundary z = −L and the downstream exit plane z = 0: a given value for the flow of neutrals

into the system, g0; the reference neutral axial velocity un(r,−L) = un0; and the plasma velocity equal to the

Bohm velocity at both the upstream and downstream axial boundaries, uz(r,−L) = −cs and uz(r, 0) = cs.

Setting z = 0 and ξ = π/4 in equation 4.11 defines the propellant utilization ηu as an implicit function of the

ratioL/L⋆.
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4.2.3. Sheath models

In the regionwhere the plasma contacts a physicalmaterial boundary, the quasineutrality of the bulk discharges

is broken due to the buildup of charge at the surface. This region is called a sheath, and its properties depend on

both the parameters of the plasma as well as the material surface. The scale of the sheath is in the order of the

Debye length, λD = (ǫ0Te/en0)
1/2, and is typically much smaller than the characteristic dimensions of practical

laboratory plasmas.

The transition between the bulk plasma and the material surface occurs through different regions or regimes.

Prior to the actual sheath, the pre-sheath is located, where the plasma density and potential decrease but quasineu-

trality is still preserved. At the point where the sheath begins, the Bohm sheath criterion must be met, ui ≥ cs.

Within the sheath, quasineutrality breaks and the electron density decreases rapidly towards zero. The potential at

the material wallΦw is therefore lower than the bulk plasma.

For the case of a floating dielectric material immersed into the plasma, the potential obtained at the wall can be

described ([71]) as

Φw = −Te ln

√

mi

2πme
. (4.12)

It is a function of constant properties of the plasma species (the ion and electron masses,mi andme), and the

electron temperature Te expressed in units of electric potential. Under the assumption that Ti ≈ 0, ions entering

the sheath will be accelerated towards the wall due to the potential difference Φp − Φw, where Φp is the plasma

potential.

Other conditions could be present in the boundary material, such as grounded or biased surfaces at a potential

Φbias, in which case the analysis would need to take into account the effect of the potential differenceΦp − Φbias

in the acceleration of the ions.

For the case where radiofrequency (RF) waves are present near the interface of plasmas and materials, such as

near the location of the antenna straps providing the excitation source in helicon plasma sources, an RF plasma

sheath is created. When the driving RF frequencies are sufficiently high (ωrf ≫ ωpi, with ω
2
pi = (e2n0)/(ǫ0mi)

the ion plasma frequency), the ions are able to respond only to the time-averaged variations in the DC plasma

potentials and not the instantaneous RF wave. The electrons in the bulk plasma are able to react to the RF wave

potentials, yet most of the current in the sheath is displacement current, given its low electron density.

When the frequency of the RFwave is low enough, ions are able to respond to the RFwave and a low frequency

sheath is formed. This condition requires that ω ≪ ωi = πωpi(2Te/V0)
1/4, with V0 the transient voltage of

the RF wave [71]. During the RF cycle, the ions will be accelerated towards the surface due to the time-varying

potential.
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The ion energy distribution function gi(E) for a low-frequency RF sheath [71] is given by the expression

gi(E) =















1
π

[

V 2
rf − (Vbias − E)2

]−1/2
E 6= Vbias

1
2π

[

π − 2 sin−1 (Vbias/Vrf )
]

E = Vbias

(4.13)

whereVrf is the peak voltage amplitude of theRFwave,Vbias is anyDCbias voltage applied to the surface, and

E is the instantaneous voltage of the RF field. The distribution has a different expression for the caseE = Vbias,

to take into account the rectifying effect of the low-frequency sheath.

4.2.4. Sputtering phenomena

Plasma-surface interactions include all the phenomena that appear at the intersection between plasmas and a

material boundary. Among those, sputtering is of significant interest to the fields of materials processing, fusion

engineering and electric space propulsion. Sputtering is the removal of material from a solid surface due to the

impact of energetic particles, and it plays a fundamental role in determining the lifetime of practical devices.

Sputtering depends on several parameters, including the properties of the impinging particles, the composition

of the targetmaterial surface and the geometry of the impact. A simplifiedmodel for the geometry of the sputtering

process ([44]) describes the incoming ion being accelerated by the potential drop on the sheath to an energy E0

until it impacts the surface with an angle θ with respect to the surface normal. If the energy surpasses a threshold

level for the occurrence of sputtering,E0 > Ethr, a cascade of collisions within the target material will be able to

provide sufficient momentum to one or several particles in the top layer of the target material, and allow them to

overcome the surface binding energyEsb and leave the surface.

Sputtering is described by the sputtering yield Y , defined as the number of surface particles sputtered from the

target material surface per incoming ion. It depends on the properties of the impacting ion and the target material,

the energy of the ion and the angle of incidence. Several models have been developed for the estimation of actual

sputtering yields; themodel chosen for this study is the one published by Eckstein and Preuss [48], which improves

upon earlier work.

The sputtering yieldY when ions impact a surface at normal incidence (θ = 0) is obtainedwith the expression

Y (E0) = qsKrC
n (E0)

(

E0

Ethr
− 1
)µ

λ+
(

E0

Ethr
− 1
)µ . (4.14)

It depends on three free parameters (q, λ and µ) used to fit the model to experimental data. Behrisch and Eck-

stein [9] have tabulated these parameters for a significant selection of sputtering scenarios involving monoatomic
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elemental targets. The term sKrC
n is the krypton-carbon interaction potential,

sKrC
n (ε) =

0.5 ln(1 + 1.2288ε)

ε+ 0.1728
√
ε+ 0.008ε0.1504

(4.15)

which is used as an adequate mean value to describe the nuclear stopping cross section for the problem, for any

combination of ion species and target materials (not necessarily involving carbon or krypton)1. The term ε is the

reduced potential, which is calculated as

ε = E0
Mt

Mi +Mt

aL
ZiZte2

(4.16)

and depends on the parameter aL, the Lindhard screening length,

aL =

(

9π2

128

)1/3

aB

(

Z
2/3
ion + Z

2/3
tar

)−1/2
(4.17)

where aB is the Bohr atomic radius.

When the ion impact occurs at an angle, 0 < θ ≤ π/2, Y can be described by the expression

Y (E0, θ) = Y (E0, 0)

{

cos

[(

θ

θ0

π

2

)c]}−f

exp







b



1− 1

cos
[(

θ
θ0

π
2

)c]











. (4.18)

It depends on theparameters b, c andf , whichhave also been tabulated in [9] for a variety of common scenarios.

The parameter θ0 is calculated according to the expression

θ0 = π − arccos

√

1

1 + (E0/Esp)
≥ π

2
(4.19)

where Esp corresponds to the surface binding energy of the impacting ions; it is equal to the surface binding

energy of the projectiles in the case of self bombardment,Esp = 0 for noble gas ions impacting on the target, and

Esp ≈ 1 eV for ions of the hydrogen isotopes [48].

4.2.5. Implementation

Themodels described in the previous subsectionswere implemented as an object-oriented (OOP) toolkit in the

Python programming language (version 3.9), with extensive use of routines from the NumPy and SciPy packages.

1See the footnote preceeding equation 3.7 in section 3.3.2.
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The OOP approach enables a modular design, which allows for the substitution of a particular submodel with an

alternative version. The approximate running time for the sensitivity analysis simulations presented in figures 4.9

and 4.10 is less than 5 minutes, on a PC computer having quad-core Intel Core i5-5200 CPU at 2.20 GHz, 8 GB of

RAM and running the Debian GNU/Linux operating system.

4.3. Results

4.3.1. Model validation

In order to adjust the parameters in the models described in section 4.2 and to verify the accuracy of their

estimations, publicly-available experimental data fromavariety of suitableHPSshas beenused for comparison. The

chosen experimental data setsmatch the assumptions and configurations required by each submodel, and sufficient

detail has been disclosed regarding the relevant physical and geometrical parameters of the source, enabling the use

of the different mathematical expressions.

Figure 4.2 presents the estimations of ne provided by equation 4.3 of section 4.2.1 as a function of the axial

magnetic fieldB0, together with experimental data published byChen [38], Tysk et al. [110] and LaFleur et al. [65].

The parameters obtained for these three validation cases of figure 4.2 are listed in table 4.1. The chosen data sets are

all helicon devices tested with argon gas, using Boswell-type double saddle antennas or half-helical antennas, which

preferentially excite wavelengths of twice their lengths, λ ≈ 2 × Lant. The parallel angular wave number k‖ of

equation 4.3 is then obtained as k‖ = 2π/λ. This estimation is only an approximation, and figure 4.2 shows the

range of estimated density values accounting for variations in the wavelength λ of±50% as suggested by Light and

Chen [72]. The linear relationship betweenn andB0 present in all experimental data sets is closely matched by the

model estimations, particularly for the Chen and LaFleur data sets.

Table 4.1: Experimental parameters obtained for the data sets of figure 4.2, used for the validation of the simplified
helicon wave dispersion model of equation 4.3.

Chen, 1992 Tysk, 2004 LaFleur, 2010
[38] [110] [65]

Ion species Ar+ Ar+ Ar+

Lant (m) 0.12 0.12 0.1
λ (m) 0.24 0.24 0.2
k‖ (rad/m) 26.18 15.71 31.42

R (m) 0.02 0.05 0.068
f (×106 Hz) 27.12 13.56 13.56
ω (×107 rad/s) 17.04 8.52 8.52

The two separate fluid-models described in subsection 4.2.2 are compared to experimental measurements in

figures 4.3 and 4.4. The chosen versions of thesemodels are the asymptotic, magnetized regimes. For the case of the

radial model [2, 3], figure 4.3 shows the normalized radial profile of the plasma density, compared to experimental

data from the CSDX device published by Burin et al. [20], from the VX-CR device by Castro et al. [26] and from
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Figure 4.2: Comparison between the estimations provided by the helicon wave dispersion relation of equation 4.1
and experimental data publishedbyChen ([38]), Tysk et al. ([110]) andLaFleur [65]. The shaded regions correspond
to variations in the estimation of ne when considering the uncertainty in the estimation of λ, taken as ±50%.
Uncertainty data was only available for the experimental data points obtained from Tysk et al. ([110]), where the
average uncertainty is u(ne) ≈ 1.5× 1018 m−3.
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the PISCES-RF device by Thakur et al. [105, 106], from experimental runs using argon gas as the feedstock in all

cases. The published experimental parameters obtained from these experimental data sets are described in table 4.2.

The reference plasmadensitynr0 is obtained from the peak density value at r = 0. In the case of theVX-CRdevice,

the radial coordinates of the published density values in [26] have been adjusted to account for the expansion of the

magnetic field lines (and the plasma plume) as they exit the HPS towards the point of measurement. As described

by the original authors, the magnetized version of this radial model describes a slow decay of the radial plasma

density, which falls rapidly near the radial boundary of the HPS; the experimental data confirms this behavior,

with only the VX-CR data approximating the estimated trend. For the purposes of this research, the fact that this

magnetized regime of the radial model may overestimate the plasma density near the surface boundary, allows for

a more conservative estimation of the boundary etch rates.

Figure 4.3: Comparison of the radial plasma density distribution estimated by Ahedo’s radial model [2, 3] and
experimental data published by Burin et al. [20], Castro et al. [26], and Thakur et al. [105, 106]. Uncertainty
information was only available for the data sets from Burin et al. (where the uncertainty is deemed “negligible”)
and for Castro et al., where u(nr/nr0) ≈ 0.05.

The validation of the axial model of equations 4.7 - 4.11 with experimental data is presented in figure 4.4, where
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Table 4.2: Experimental parameters obtained for the validation data sets of figure 4.3, used for the validation of
Ahedo’s radial model in the magnetized case [2, 3], as shown in equations 4.4 - 4.6.

Burin, 2005 Castro, 2013 Thakur, 2021 Thakur, 2021b
[20] [26] [106] [105]

Ion species Ar+ Ar+ Ar+ Ar+

Te (eV) 2.25 4.0 5.0 3.50
n0 (×1019 m−3) 2.35 0.388 2.45 1.93
R0 (m) 0.1 0.045 0.1 0.1
B0 (T) 0.1 0.1 0.09 0.09

the on-axis plasma density is presented as a function of the axial position inside the cylindrical dielectric contain-

ment surface. The experimental data sets are those published by Berisford et al. [11] and Takahashi et al. [101],

which once again correspond to experiments running on argon gas. The source parameters used in the estimation

are listed in table 4.3. It was found that the axial model was able to predict the behavior of the axial density profile,

but an axial displacement∆z = zexp − zmod was required to match the experimental data, where zexp and zmod

are, respectively, the experimental axial coordinates and the ones used for the model calculations. The reference

plasma density n0 is obtained as the asymptotic on-axis density at the downstream boundary of the simulation do-

main (at the coordinate z = 0 following the convention of [3]). At this location, the Bohm criterion (uz=0 = cs)

is imposed as a boundary condition, setting the auxiliary variable ξ = π/4 according to equation 4.8. As the opti-

mization process described for equation 4.11 when z = 0 converges to values ηu → 1 for these two configurations

(complete propellant utilization) equation 4.9 will tend towards a maximum value of 2 for the ratio n/n0, which

corresponds to the peak on-axis density and can be verified in the experimental data sets.

Table 4.3: Experimental parameters obtained for the data sets used in figure 4.4, for the validation of Ahedo’s axial
model in the asymptotic case [3].

Berisford, 2010 Takahashi, 2017
[11] [101]

Ion species Ar+ Ar+

L (m) 0.4 0.2
∆z (m) −0.1 0.2
Te (eV) 3.8 6.0
B0 (T) 0.06 0.03
n0 (m

−3) 1.0× 1019 8.0× 1017

The sputtering model from [48] is compared to experimental data in figure 4.5, for the particular case of ar-

gon ions impacting SiO2 [71, 81, 112, 117], Al2O3 [71, 81] and Si3N4 [117] target materials. The sputtering yield is

presented as a function of incident ion energy. These materials were chosen as they are some of the most widely

used in the construction of practicalHPSs, including theVX-CRdevice analyzed in the next subsection. Eckstein’s

model, as described by equations 4.14 - 4.18, is designed to model the interaction between elemental ions and sur-

face materials. The fitting parameters available in the literature for these equations [9] only account for this type of

target materials. Therefore, some of the required parameters were obtained by averaging the values of the consti-
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Figure 4.4: Comparison of the distribution of the on-axis plasma density as estimated by Ahedo’s axial model [3]
and experimental data published byBerisford et al. [11] andTakahashi et al. [101]. Uncertainty datawas not available
for these data sets.
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tuting elements of the compoundmaterials, following a technique originally proposed by Berisford et al. [11] when

applying the particular sputtering model presented in [71]. Table 4.4 lists the parameters chosen to represent these

compound materials. The atomic numberZt, the atomic massmt and the surface binding energy SBEt for each

compound target material were found as a simple arithmetic average between the values corresponding to the two

constituent elements in the lattice. SBE data was obtained from [71]. The threshold energy, a key parameter in

the analysis of low-temperature devices such as typical laboratory HPSs, was selected as the corresponding value

for argon atoms in normal incidence on pure Si in the case of SiO2 and Si3N4, and that of pureAl for the case

of Al2O3 [9]. The remaining fitting parameters λ, q and µ were obtained through a least-squares optimization

algorithm.

Figure 4.5: Estimation of the sputtering yield at normal incidence for argon ions impacting on different dielectric
ceramic materials commonly used in HPSs, obtained from the model presented in subsection 4.2.4. The fitting
parameters used are those described in table 4.4. The estimations are compared to the available experimental data
points published for SiO2 [71, 81, 112, 117], Al2O3 [71, 81] and Si3N4 [117]. Uncertainty data was only available
for the data sets obtained from Zalm et al. ([117]) where the average uncertainty is given as±10 %, and for Varga et
al. ([112]), where the average uncertainty is u(Ysputt) ≈ 0.1 atoms/ion.
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Table 4.4: Fitting parameters chosen to representSiO2,Al2O3 andSi3N4 within the sputtering estimationmod-
els presented in figure 4.5. The values for the material properties and the fitting parameters were obtained through
a combination of averaging and optimization techniques, as described in subsection 4.3.1.

SiO2 Al2O3 Si3N4

Zt 11.0 10.5 10.5
mt (amu) 22.042 21.485 21.045
SBEt (eV) 3.653 3.36 4.811
Ethr (eV) 32.8380 21.55 32.838
ρ (kg/m3) 2648 3987 3170
λ 7.417 14.553 10.0
q 3.636 3.373 3.4777
µ 2.339 0.397 1.363

4.3.2. Analysis and investigation of the VX-CR HPS

The VX-CR experiment [26, 45] is a research helicon plasma source (HPS) located at Ad Astra Rocket Com-

pany Costa Rica, designed for the study of thermal management and component lifetime issues in the first stage of

the VASIMR® [28] engine. Figure 4.6 (a) shows a simplified diagram of its operating configuration. It consists of

a dielectric ceramic cylinder enclosed in a high vacuum chamber with a base pressure of 1.3 × 10−4 Pa. One end

of this cylinder is sealed with a dielectric ceramic endcap, with openings to allow the injection of gas into the HPS.

This cylinder is surrounded by a half-wavelength helical copper antenna, driven by an external RF subsystem able

to deliver up to 13 kWe of radiofrequency energy to the plasma discharge. The open end of the dielectric cylinder

is connected to a 14 m3 exhaust vacuum chamber (not shown in figure 4.6), with a baseline pressure of 1.3× 10−1

Pa. An axial magnetic field is created through two solenoid coils, with the resulting magnetic field intensity profile

depicted in figure 4.6 (b). The dielectric boundary surfaces in the VX-CR are at a floating electric potential; this is

not always the case for all HPSs, as these elements can be grounded ([11]) or biased to a particular voltage. Argon

is the feedstock gas used in typical operations with the VX-CR and was used in the simulated results described in

this subsection.

Themodels described in section 4.2 and validated in subsection 4.3.1 were used to estimate the erosion rates due

to plasma-material interaction in the VX-CR device. Table 4.5 shows typical geometrical and operational param-

eters characteristic of experimental runs at the VX-CR device, at RF power levels between 1 kWe and 4 kWe and

using argon gas. The three ceramic materials which have been used for the dielectric components of the device (the

cylinder and its boundary endcap) are silicon dioxide (SiO2), alumina (Al2O3) and silicon nitride (Si3N4). Figure

4.7a presents experimental measurements of the peak RF voltages at the helicon antenna straps as a function of

the deliveredRF forward power to the system; figure 4.7b (adapted from [26]) describes estimations of the electron

temperature Te obtained from Langmuir probe data, also as a function of RF forward power.

Figure 4.8 shows the distribution of normalized plasma density inside the VX-CR HPS, as predicted by the

models described in subsection 4.2.2 for the scenario with Te = 5 eV. A base density of n0 ≈ 4.04 × 1018 m−3

is predicted. The maximum estimated plasma density corresponds to nmax ≈ 8.19× 1018 m−3, while the mean
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Figure 4.6: (a)Diagram of the VX-CR research helicon device. The axial magnetic field is produced through two
solenoid coils, 1 in the HPS region and 2 located downstream of the source. The HPS itself is located inside a
high-vacuum chamber to prevent arcing from the voltages present in the RF subsystem. 3 represents the upstream
dielectric boundary of the source and this is the point where gas injection occurs (not shown). 4 represents the
dielectric cylindrical boundary of theHPS, aswell as the approximate locationof thehelicon antenna straps. 5marks
the location of a reciprocating Langmuir probe used to obtain ion current density and plasma density readings. 6
describes the downstream section of theHPS, interfaced to a vacuum chamber and a pumping system (not shown).
(b) Experimental measurements of the magnetic field intensity B0 at the HPS axis as a function of the z axial
position. The coordinate system has its origin at the exit boundary of the HPS dielectric cylindrical boundary,
following the convention established in section 4.2.2. Measurement uncertainties for the values of B0 are less or
equal than 0.0008 T .
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Figure 4.7: Experimental data obtained from the typical operation configuration of the VX-CR helicon plasma
source, adapted from [26]. (a) shows the measurements of the peak voltage Vp in the VX-CR helicon antenna,
measured at the external RF feed line, as a function of the measured RF forward power coupled into the system.
A linear regression has been calculated for these data points, with the resulting expression shown in the plot. (b)
shows the estimated values for the electron temperature Te as a function of RF forward power, obtained from
measurements with the reciprocating Langmuir probe. Experimental techniques and measurement uncertainties
for these data points have been described in [26].
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Table 4.5: Geometrical and physical parameters used for the simulation results of the VX-CR device presented in
subsection 4.3.2. The values of Te and Vmax,RF correspond to three separate scenarios, and were obtained from
the regression described in figure 4.7.

Parameter Value

R (m) 0.045
L (m) 0.226
B0 (T) 0.1
Te (eV) 3.0, 5.0, 10.0
ṁ (kg/s) 1.785× 10−3

nn0 (m
−3) 1.5× 1020

∆r (m) 9× 10−5

∆z (m) 2.26× 10−4

fRF (Hz) 13.56× 106

Vmax,RF (V) 111.30, 165.66, 301.56
Ion species Ar+

Dielectric materials SiO2,Al2O3, Si3N4

plasma density is navg ≈ 3.04× 1018 m−3.

The estimated plasma density values shown in figure 4.8 were used to obtain the approximate values along the

upstream axial (ẑ → −1) and radial (r̂ → 1) boundaries of the dielectric cylinder. The radial and axial resolutions

used in this particular simulation, ∆r and ∆z, are shown in table 4.5; although they exceed the Debye lengths

present in both simulation boundaries, the density values obtained along these regions, nẑ→−1 = nr[r̂, ẑ =

−1 + (∆z/L)] and nr̂→1 = nr[r̂ = 1 − (∆r/R), ẑ], have been used as reference values for the plasma density

at these inner surfaces.

These density estimations along the radial and axial boundaries were used to calculate the etch rates along

these surfaces due to the potential created at the wall by the sheath. The electron temperature Te was used as an

input to equation 4.12 in order to estimate the potential developed by the inner surfaces, under the assumption

that they are floating (isolated from any induced voltages, as is the case in the VX-CR device). Under the cold ion

approximation, this potential is taken as the energy obtained by the ions as they traverse the sheath. The sputtering

yield was calculated for the case of normal incidence (equation 4.14) along the axial and radial boundaries. The etch

rateE, defined as the ratio of surface etch depth per unit of time, was calculated through the expression

E =
ΓiYMm

ρtNA
(4.20)

where Γi = nbuB is the incident ion flux (with nb the plasma density along the boundary),Mm and ρt are

the molar mass and mass density of the surface material andNA is Avogadro’s constant.

The results of the etch rate calculations are shown in figure 4.9, where etch rate estimations are presented for

the axial boundary (plots a, b, c) and the radial boundary (plots d, e, f). Results are shown for the three different

dielectric materials previously analyzed (SiO2, Al2O3 and Si3N4), and three chosen values of the electron tempera-
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Figure 4.8: Estimated plasma density distribution in the VX-CR device [26, 45], as estimated by Ahedo’s model
[2, 3]. The relevant geometrical and physical parameters used for this simulation are listed in table 4.5. The reference
plasma density n0 is calculated as the ratio of the axial flow rate of heavy species per unit area g0 and the ion Bohm
velocity, n0 = g0/cs, and has a value of n0 ≈ 4.04× 1018 m−3 in this particular simulation.
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ture. Since the simulation provides the ions with an energy equal to the floating potential obtained by the dielectric

walls, the results depend on both Te and the threshold energy for sputtering Ethr in each case. Figure 4.5 had

shown that Al2O3 has a lower threshold energy than SiO2 and Si3N4 according to the sputtering model, and that

is the reason why the cases simulating silicon dioxide and silicon nitride present etching only at the higher values

of the electron temperature, corresponding to the only scenarios where the wall floating potential produced by the

plasma sheath is larger thanEthr. For the scenarios involving aluminum nitride, no sputtering occurs for the cases

with Te = 3.0 eV.

Figure 4.9: Estimated etch rates at the inner surfaces of the boundary dielectric containmentmaterial in theVX-CR
device, as obtained through the combination of the density distribution, sheath and sputtering models described
in section 4.2. The etch rates for the axial (z = −L) boundary, the endplate located at the upstream end of the
dielectric cylinder, are presented in the top row in plots (a), (b) and (c); the corresponding etch rates for the radial
(r = R) boundary, the inner surface of the dielectric cylinder, are presented in the bottom row in plots (d), (e) and
(f ). Estimations are presented for three different dielectric ceramic materials (SiO2,Al2O3 and Si3N4) and three
reference values for the electron temperature Te. Plots are shown only for those scenarios where the ion energies
surpass the corresponding threshold energy for sputtering,E0 ≥ Ethr.

The low-frequency RF sheath model from [71], presented in subsection 4.2.3, can be used to estimate the etch

rate produced in certain regions of the radial boundary of the dielectric cylinder due to the vicinity of the helicon

antenna straps. Table 4.5 presents the frequency f and peak voltage Vmax,RF present in the helicon antenna straps

of the VX-CR device. Using equation 4.13 and assuming that the voltages present in the copper terminals of the

antenna are directly induced in the nearby inner surfaces of the dielectric cylinder of the HPS (as suggested by the

results presented by [7, 11]), the incident ion energy distribution can be calculated. Once again using the cold ion
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approximation and assuming the ions are accelerated at normal incident only by the RF sheath voltage, the mean

sputtering yield Y due to the low-frequency RF sheath can be obtained as a function of the axial position along

the inner surface of the dielectric cylinder through the expression

Y (r̂ = 1, ẑ) =

∫ Vmax,RF

0

Y (E) · gi(E, ẑ) · dE. (4.21)

The average value of the sputtering yield, Y can then be used within equation 4.20 to estimate the etch rate at

any potential axial location of the helicon antenna straps along the radial boundary. The results are presented in

figure 4.10 for the same three candidate materials and Te values as in figure 4.9, where estimations are depicted for

the etch rate along the entire radial boundary. Given the higher voltages induced by theRF subsystem in the helicon

antenna, erosion is present in all configurations. These results are once again dependent on the sputtering threshold

energy and the electron temperature. They are also a function of the voltages produced in theRF subsystem, which

is an element external to the HPS and may differ between different practical implementations.

Figure 4.10: Estimationof the etch rate at the radial boundary r = R, the inner surface of thedielectric cylinder, due
to the low-frequencyRF sheath induced by the vicinity of the straps of the helicon antenna, using amethod derived
from the approach by Berisford et al. [11]. These plots represent the estimated etch rates for all possible locations of
these external sources of RF excitation; actual devices typically have these antenna conductors at specific particular
locations. Results are presented for three different candidatematerials (SiO2,Al2O3 andSi3N4), and three values
of the electron temperature Te.

4.4. Discussion

4.4.1. Practical estimation of erosion within HPSs

The analysis of sputtering and erosionphenomenawithinHPSs is dependent onunderstanding the behavior of

key properties of the plasma throughout the source andparticularly in the vicinity of the physical boundary surfaces

of interest, with density and temperature being the most relevant parameters. Published experimental results iden-

tify twomain modes of plasma-material interaction relevant to the estimation of erosion rates in the plasma-facing

components of HPSs, which were shown in figure 4.1b. Region (1) in the figure describes the acceleration of ions
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towards the boundary surfaces due to the potential obtained by the floatingwall due to the formation of the sheath;

the ions will obtain the energy difference between the plasma potential and the wall potential,∆φp−w = φp−φw.

Whenusing the cold ion approximation, |φp| ≪ |φw| is often assumed. ThisDC sheath is present along all plasma-

facing boundary surfaces. Region (2) in the diagram describes the interaction between the ions and the RF sheath

produced by the oscillation voltages induced in the vicinity of the location of the helicon antenna straps, dependent

on the operation of theRF subsystem external to theHPS.This particular type of sheath, present at specific discrete

locations along the radial (r → R) boundary surface, is able to induce potentials φRF at the wall typically much

larger than those produced by the DC sheath. Practical implementations of HPS commonly rely onRF generators

operating in the high-frequency band (6.78 MHz, 13.56 MHz and other typical commercial frequencies), which

enable the use of the low-frequency sheath model described in section 4.2.3 when the proper conditions are met.

The plasma density profile along the inner surfaces of the dielectric boundaries of a HPS has a direct influence

on the magnitude of the rate of erosion throughout these regions, since the incident ion flow rate Γi is directly

proportional to nb. In the present approach, the distribution of plasma density has been obtained through the use

of the uncoupled models of subsection 4.2.2 for cylindrical geometries, which correspond to the asymptotic limit

of the models presented by Ahedo et al. [3]. The radial model (equations 4.4 - 4.6) produces the classical diffusion

profile based on the zero-order Bessel function. Figure 4.3 shows how the simulated profile tends to overestimate

the radial density value as r → Rwhen compared to experimental data, which will produce conservative values of

the ion flow rate towards the surface.

The axial model of equations 4.7 - 4.11 describes the axial distribution of plasma density along the central axis

of the cylindrical geometry, as a function of the reference density n0 = g0/cs obtained from the axial flow rate

of ions and/or neutrals g0 = ṁ/(miπR
2) and the Bohm velocity cs. The axial density profile is dependent on

the auxiliary coordinate ξ and the parameter ηu = (nz=0/n0), which corresponds to the propellant utilization

factor in electric propulsion applications. The mapping ξ(z) to the physical dimension is obtained by analyzing

equation 4.11 at the downstream boundary z = 0. The density distribution, provided by equation 4.9, presents a

maximumvalue determined by the location of ξ = 0 and located towards the upstreamboundary of the simulation

domain. The axial spread of this density distribution is dependent on the parameterL⋆ appearing in equation 4.11.

This parameter is inversely proportional to the ionization rate Rion, which is a function of Te; this rate and the

collisional onesRie,Rin andRen can be calculated following the formulas provided by [3].

The combination of the models discussed in section 4.2 allows for a computationally-inexpensive approxima-

tion to sputtering and erosion phenomena within HPSs, as they use uncoupled steady-state fluid expressions for

the axial and radial distribution. These are then combined to produce a complete 2D map of the density distribu-

tion such as the one in figure 4.8. The density decay described by the radial model is combined with the density

distribution profile along the cylinder axis provided by the axial model. The values at the cylinder boundaries can

then be extracted and used as inputs to the sheath models of subsection 4.2.3, in order to estimate the energy ob-

tained by the ions as they impact the wall. The sputtering models are then used to predict the sputtering yields and

corresponding etch rates.

Figures 4.9 and 4.10 show how the estimated etch rates for the VX-CR device at the axial boundary (the up-

stream endplate at z → −L) are about four orders of magnitude larger than the ones produced at the radial
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boundary for either the DC sheath scenario (plots d, e and f of figure 4.9) or the low-frequency RF sheath esti-

mation (figure 4.10). This is a product of the larger density values present along that boundary surface, which is

impacted along the whole range of the radial coordinate 0 < r < R at the axial location z = −L. For the case of

the radial boundary (r → R, the inner surface of the dielectric cylinder), the etching produced by the DC sheath

potential (figure 4.9 d, e, f) is smaller than that produced by the voltages induced by the low-frequency RF sheath

(figure 4.10). This depends on the particular electrical configuration of the external RF subsystem. In the case of

the VX-CR, theRF subsystem is designed to operate at high current levels in order to reduce the voltagemagnitude

in the RF feed lines. Nevertheless, the average voltages during the negative part of the sinusoidal RF cycle weighted

according to the distribution function described in equation 4.13 are larger than those produced by the sheath at the

floating walls. For the case of helicon systems with grounded boundary surfaces, the energy of the ions reaching the

wall would depend on the magnitude of the plasma potential φp and the ion energy distribution function within

the plasma, and it is even less likely that the acceleration through the sheath can produce any etching as previously

described by Berisford et al. [11].

4.4.2. Model limitations and potential improvements

The accuracy of the etch rate estimations provided by the model are conditioned by the validity of its assump-

tions. The simple magnetic field configuration of figure 4.1, with a constant axial B0, is not the case for most

practical HPS implementations. Devices with discrete solenoid cells might present a cusped profile, while other

devices might include regions of higher intensity, mirror configurations and other scenarios. When the magnetic

field lines intersect directly with the boundary surfaces, regions of direct impingement will produce localized spots

of energy deposition and erosion [7, 8]. Since the radial model chosen is an asymptotic approximation for themag-

netized regime, the radial density profile is not dependent on the magnetic field intensity and does not capture the

effect of modifyingB0 on the radial ion diffusion.

The electron temperature Te is assumed constant, and is an input parameter to bothmodels. It plays a key role

in defining the collisional rates and the sheath potentials. A constant Te results from the steady-state condition of

the discharge and sufficient electron confinement ([2]). This value of Te can be estimated from global input and

output parameters of the HPS, such as the total power coupled through the RF subsystem and the particle flow

rate through the systemboundaries, by using a power balancemodel (such as the ones described in [3, 67, 113]). This

would also enable the use of engineering models of the external RF subsystem for the calculation of the voltages

present at the helicon antenna terminals as a function of the coupled RF power. These values could then be used

as inputs to the RF sheath models for the estimation of sputtering and etching in the locations near the antenna

straps.

The condition of constant axial B0 is rarely accomplished in practical helicon devices with a cylindrical ge-

ometry, either because the magnetic field is not produced through a single magnetic cell or due to the deliberate

configuration of variable magnetic field intensities with the purpose of producing mirror effects or modifying the

performance of the source. If the field lines diverge and intersect the inner surface of the dielectric cylinder, the

kinetic energy of the ions along the direction parallel to the field lines is compounded with the acceleration due to

56



the sheath potentials, and significant etchingmay occur at the impact points ([22]). A variableB0 will also produce

magnetic field lines which are not parallel to the dielectric cylinder axis at regions near the inner boundary surfaces,

and the use of sheath models considering oblique magnetic fields [79] might be necessary.

The presence of a non-parallel magnetic field also contributes to the ions having an impact angle different

than normal incidence, requiring the use of the angular sputtering formulas described in section 4.2.4 instead of

the simpler normal-incidence scenarios used in figures 4.9 and 4.10. Another aspect of the sputtering models that

needs further research is the lack of accurate experimental data, and therefore the corresponding fitting parameters

required by the sputtering expressions, for dielectric ceramic compounds at the low energy ranges typical of HPSs.

Parameters such as the threshold energy Ethr play a critical role in the estimation of etching rates, yet most of

the available data and models such as the ones in subsection 4.2.4 have been developed in scenarios where ions

impact monoatomic targets. The present approach averaged several parameters of equations 4.14-4.16 between the

values corresponding to the constituting elements of the dielectric compounds; however the values for the threshold

energyEthr were obtained from those corresponding to argon ions impactingmonoatomic silicon and aluminum,

which resulted in the best correlations with published experimental sputtering data.

4.5. Conclusion

The development and validation of a set of modeling tools designed for the investigation of sputtering and

erosion phenomena within the plasma-facing surfaces of a helicon plasma source (HPS) has been presented. It is

based on the combination of a 2D fluid-based model for the distribution of plasma density within the HPS (based

on thework ofAhedo et al. [3]), sheathmodels for the estimation of thewall potential in the case of floating surfaces

and low-frequency RF fields ([71]), and a sputtering model based on the work of Eckstein et al. [48]. Relying on

the use of steady-state analytical expressions derived from first-principles approximations or empirical models, it

aims to provide computationally-inexpensive estimations of the etch rates along the inner boundary surfaces of a

HPS. This information is critical for applications ofHPSs where long operational times are desired, such as electric

propulsion engines or high-power sources for the research of fusion-relevant plasma-material interactions.

The individual components of themodel have been validated against published experimental data, centering on

the case of argon discharges in sources using silicon dioxide, alumina and silicon nitride components as boundary

surfaces. Since the chosen sputteringmodelwas not developed to simulate compoundmaterials, average valueswere

used for the properties of the target material atoms, and the fitting parameters in the model were obtained through

an optimization algorithm. The threshold energy for sputtering was selected as that of argon atoms impacting

monoatomic silicon or aluminum. This approach yielded the best correlation with published data. This strategy

can be adapted to other ion species and target materials, and represents an improvement of previously published

techniques using empirical analytical models for the analysis of sputtering on dielectric compound materials such

as the approach described in [11]. The subsequent analysis showed how the threshold energy for sputteringEthr is

a critical parameter for the analysis of etching within low-temperature devices such as HPSs.

Estimations of the etch rates due to particle sputtering were obtained for the VX-CR helicon plasma source,
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as a representative device conforming to the model’s assumptions. The highest expected values were found at the

upstream boundary, the circular endcap surface, where etch rates between 0.5 and 2.0 nm/s were obtained due to

the acceleration of ions through the sheath at the axial upstream boundary. For the radial boundary (the inner

plasma-facing surface of the dielectric cylinder), these values ranged between 0.5 and 5.0×10−14 m/s. Along this

same boundary surface, etch rates produced by the low-frequency RF sheath acceleration are one order of mag-

nitude higher, with averages between 0.25 and 2.5×10−13 m/s. These results confirm previous findings pointing

towards the relevance of the voltages induced by theRF sheath under the antenna straps; but also point towards the

importance of controlling the plasma density values in the regions near the upstream axial boundary of the system.

The model presented in this study can potentially be used to guide the physics and engineering design of more

robust helicon sources with longer operational lifetime. A discussion is also presented regarding the limitations

and possible improvements of this modeling approach, including the estimation of electron temperature from the

power balance in the system, the consideration of variable magnetic field intensities and more refined sputtering

models for the compounds of interest.
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Chapter 5

Assessment and mitigation of plasma-surface

effects in high-power helicon plasmas

5.1. Chapter Introduction

The study of plasma-surface interactions as the cause of unwanted erosion phenomena has been actively re-

searched for fusion devices, electric propulsion engines and other applications of plasma physics. In the case of

fusion reactors such as tokamaks and stellerators, regions around the edge of their high-temperature plasmas im-

pinge directly on boundarymaterial surfaces where the openmagnetic flux surfaces (the so-called “scrape-off layer”

or SOL) intersect the containment wall. These sections, defined as divertors in typical tokamaks, play a key role

in achieving a stable fusion reaction as well as in extracting the reactor’s thermal energy for practical engineering

purposes [39]. The phenomena that take place in these sections still pose great challenges for the development of

practical fusion reactors, such as large thermal loads on the plasma-facing surfaces and high rates of sputtering and

other types of plasma-material interactions [74, 85].

In the field of electric space propulsion, erosion has been actively studied for two of the most commonly-

used technologies: ion thrusters and Hall-effect thrusters (HETs). Ion thrusters are electrostatic devices where a

negatively-charged grid accelerates positive ions to create thrust; this grid will degrade over time because of the di-

rect impact of ions not aligned with the spaces on it. HETs consist of two concentric dielectric cylinders which

combine an axial and a radial magnetic field, creating an azimuthal Hall current within the plasma. The magnetic

configuration of some HET designs include magnetic field lines which intersect the boundary material surfaces at

specific points, thereby eroding them and constraining the useful lifetime of the device.

Recent advances in HET design have enabled the implementation of magnetic field configurations that mini-

mize erosion down to a point where the undesired effects are negligible. These are theMagnetically-Shielded Hall-

Effect Thrusters, orMS-HETs ([57, 76]). Previous research ([19, 84]) has identified twomainmodes for mitigating

erosion effects withinHETs: reducing the plasma density at key locations within theHET discharge chamber, and

displacing the acceleration region downstream so that the ion energy is reduced at the material boundaries.
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Erosion within helicon plasma sources (HPSs) has also become an important topic of research, due to the

integration of these devices for the production of low-temperature, high-density plasmaswithin electric propulsion

and fusion research applications. HPSs lack electrodes, antennas or grids in direct contact with the plasma. They

are also typically implemented as linear devices with axial magnetic fields, which promotes the magnetization of

the plasma and reduces its radial diffusion towards the boundary walls. These two facts have often been cited as

reasons to expect reduced erosion and long operational lifetimes inHPSs ([35, 92]). However, unwanted sputtering

and erosion of the plasma-facing surfaces inHPSs can still create impuritieswhich affect their use inmaterial science

research ([7, 8]). The reduction of the wall thickness in these boundary materials can eventually become a cause

of failure for these sources and affect the lifetime of the systems they are integrated with, a critical issue for electric

space propulsion applications.

These concerns are of particular relevance for the category of high-power helicon plasma sources or HP-HPSs.

This range of HPSs can be defined through several figures of merit, with threshold values indicating the definition

of the high-power category. The most relevant of these include,

Total RF input power coupled into the HPS, PRF,in, with the high-power range defined as PRF,in ≥
PRF,thr.

Plasma density above a density threshold, ne ≥ nthr.

Surfacepowerdensity absorbedby the lateralwall of thehelicondielectricwindow,Psurf = PRF,in/(2πRL) ≥
Psurf,thr.

The most commonly chosen threshold values used in the definition of HP-HPSs are described in table 5.1. For

the purpose of this study, the volumetric power density Pvol has been chosen for the definition.

Table 5.1: Typical values selected for the threshold values of the figures of merit used to define high-power helicon
plasma sources.

Parameter Value Source Reference

PRF,thr 10 kW [24]
ne,thr 1019 m−3 [92]
Psurf,thr 12 kW/m2 [106]

The remainder of this chapter is organized as follows. Section 5.2 will describe and analyze the main drivers

of erosion phenomena within HPSs, as identified through the modeling tools described in the previous chapters.

Section 5.3 presents the results of modeling the power balance model with the goal of better relating the internal

plasma parameters of the helicon source to the external input parameters of the system. Section 5.4 will introduce

strategies for the mitigation of these undesirable plasma-material interactions, based on physics and engineering

principles. Section 5.5 will summarize the findings and the main conclusions of this analysis.
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5.2. Main Erosion mechanisms within Helicon Plasma Sources

Based upon the findings andmodeling tools presented in previous chapters, this section classifies and describes

the most relevant processes by which energetic ions might come into contact with the inner plasma-facing surfaces

of Helicon Plasma Sources, and the physical principles that govern them. Three main modes of interaction have

been identified, depending on the region within the source where they are present.

5.2.1. Direct Plasma Diffusion towards the Boundary Surfaces

Helicon sources contain and constrain the internal distributionof the plasma through their axialmagnetic field.

The ions and electrons can travel towards the material surfaces by diffusing through the magnetic field, radially

across the magnetic field lines or following them until they intersect a boundary wall.

Diffusion of a plasma in the presence of amagnetic field can be described by diffusion andmobility coefficients

for the directions perpendicular and parallel to the axial magnetic field, as shown by Lieberman and Lichtenberg

[71]. Vidal et al. [113] implemented these expressions when describing the behaviour of cylindrical argon plasmas in

the presence of axial magnetic fields. The rate of cross-field diffusion can sometimes increase above the estimations

provided by these ambipolar models, as in the case of the anomalous or Bohm diffusion [56].

The results presented in this section use the models described in chapter 3 when describing the axial and radial

distributionof the plasmadensitywithin aHeliconPlasmaSource, as theywere designed for the particular scenarios

under study.

The upstream boundary in typical cylindrical helicon plasma sources serves the function of sealing this end of

the dielectric vacuum vessel, and sometimes contains ports for the injection of neutral gas or diagnostics. Depend-

ing on the specific configuration of the helicon device, the axial magnetic field lines running along the cylindrical

source may intersect this surface, therefore allowing the plasma to diffuse along them and impact the boundary.

The deposition of energetic ions into the material can produce significant deposition of thermal energy as well as

erosion of the surface due to plasma sputtering. In his historical perspective on helicon plasmas, Boswell reports

[16] on the early high-density helicon experiments at Flinders University in the late 1960s [17], commenting that the

closed end of the glass dielectric windowwould melt due to the energy deposition from the plasma. This anecdote

provides evidence of the importance of this phenomenon since the initial development of helicon sources.

The models developed by Ahedo et al. [3] for the case of cylindrical magnetized plasmas describe the distribu-

tion of the plasma at the upstream boundary as a function of the radial and axial coordinates (r, z). The radial

model describes the radial distribution of the plasma density with respect to the reference density on-axis for a par-

ticular axial position, as shown in equation 4.4. This central density distribution is in turn provided by equation

4.10 from the axialmodel. These axial density values dependon the reference density valuen0, which is calculated as

the ratio between the input flow of heavy particles g0 = ṁ/(miπR
2) and the ion sound speed (its Bohm velocity)
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uB =
√

Te/mi,

n0 = g0/uB =
ṁ

(πR2
√
miTe)

(5.1)

where ṁ is the input mass flow of neutral gas into the system,mi is the mass of the ions, Te is the constant and

uniform electron temperature andR is the radius of the cylindrical plasma discharge.

Previously, section 3.3.2 described how the etch rate experienced by a surface depends on the magnitude of

the sputtering yield, and the flow of particles impacting on it. The sputtering yield is in turn a function of the ion

species, the targetmaterial, the angle of impact, and the energy of the ions; while the particle flow is a function of the

plasma density at the edge of the sheath and the ion velocity at the same location. Therefore, the key in controlling

erosion phenomena in the upstream axial boundary lies in reducing both the density n and the ion impact energy

E0.

The distribution of the plasma density within the helicon plasma source is dependent on different parameters

described in the cylindrical plasma models of section 4.2.2. These parameters ultimately depend on the reference

plasma density n0. Figure 5.1 illustrates the relationship between the reference plasma density n0 and the electron

temperature Te as expressed by equation 5.1, showing the relationship n0 ∝ 1/
√
Te.

Figure 5.1: Relationship between n0 and Te for the axial model from [3], as described by equation 5.1, for a set of
inputmass flow rates of argon gas. The geometrical parameters of the source are those representative of the VX-CR
device as already described in Table 4.5.
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The actual etching of the material boundary surface depends on the incident ion flux arriving at the surface,

previously defined as Γi = nsuB in chapter 3. ns is the plasma density value at the sheath edge, and uB =
√

Te/mi is the ion Bohm velocity. The exact density values can be estimated through the radial and axial models

described previously. In order to assess the effect of these parameters on the surface boundary etch rates within a

helicon plasma source, the density distribution at the plasma-surface interfaces will be described as

nb ≈ h(r̂, ẑ)n0 (5.2)

whereh(r̂, ẑ) is an arbitrary non-dimensional function obtained from the composition of the expressions pro-

vided by equations 4.4 and 4.9,

h(r̂, ẑ) = J0 (a0r̂)
(

2ηu cos
2 ξ
)

(5.3)

All the variables in the previous equations have been described in the description of the radial and axial mod-

els from section 4.2.2. n0 is provided by the expression from equation 5.1. The exact form of h(r̂, ẑ) will de-

pend on the particular boundary surface. In the case of the upstream boundary surface, ẑ = −1, ξ = −π/4

and h(r̂,−1) = ηuJ0(a0r̂). For the longitudinal inner surface of the dielectric cylinder, r̂ ≈ 1 and h(1, ẑ) =

J0 (a0r̂)r̂≈1

(

2ηu cos
2 ξ
)

; at this boundary surface, the actual plasma density values will depend on the approxi-

mation used for the limit r̂ ≈ 1 since J0(a0) = 0.

The plasma density near the surface boundaries nb is a key parameter in defining the surface flux of incident

ions into the surface, Γi = nbui,b, where the Bohm sheath criterion states that the ion velocity at the boundary

ui,b satisfies the relationship ui,b ≥ uB =
√

Te/mi. Substituting the expressions from equations 5.1 and 5.3 into

the definition of nb and the result into the expression for Γi, it can be found that

Γi ≥
(

ṁ/mi

πR2

)

J0 (a0r̂)
(

2ηu cos
2 ξ
)

(5.4)

which implies that, for the simplified models considered in chapters 3 and 4, the lower value for the incident

ion flux at the inner plasma-facing boundary surfaces of a helicon plasma source does not depend on the electron

temperature of the plasma, nor the electron energy distribution within the plasma. It is instead dependent on the

plasma density distribution at the boundary, and in other constant input parameters such as the incidentmass flow

rate ṁ, the mass of the particular ion speciesmi and the plasma radiusR.

The second factor influencing the etch rate of the boundary surfaces in helicon sources is the sputtering yield

Yi, which is itself a function of the ion impact energy E0, the ion species, the particular composition of the tar-

get surface and the impact angle. Ions obtain their impact energy E0 through a combination of their thermal

energy (given by their temperature Ti) and the electrostatic potentials present in the plasma. In the cold plasma

assumption, Ti ≈ 0 and the ion impact energy is a function of the plasma potential φp and the wall potential
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φw, as previously described in section 3.3.1. For the typical configuration of helicon sources with floating dielectric

boundary surfaces, equation 3.5 describes how φw is directly proportional to the electron temperature Te. These

boundaries could also be biased at a specific voltage, either to ground potential (whereφw = 0) or to a specific bias

voltage. The typical scenario of floating dielectric boundary walls will be considered in the present analysis, since

voltages induced on these surfaces could create conditions that affect the behavior of the plasma itself, and promote

etching of the wall materials instead of reducing it.

Since the wall potential φw in the case of a floating dielectric boundary is directly proportional to Te, reducing

the etch rate on these boundary surfaces implies that, for a given source geometry (with radiusR) with a fixed input

mass flow ṁ, Te should be as low as possible to minimize the ion impact energyE0 to the walls.

5.2.2. Erosion due to Ion Acceleration through RF Sheath near Antenna Terminals

High capacitive voltages can be induced on regions of the plasma-facing surfaces of the dielectric cylindrical

boundaries of helicon plasma sources, induced by the vicinity of the terminals or straps of the helicon antenna on

the external side of thematerial. This phenomenon has been observed as one of themost common causes of etching

and erosion in helicon sources ([7, 11]), and is also associated with the presence of regions of concentrated thermal

energy deposition.

The physics governing these capacitive plasma sheaths has already been discussed in section 3.3.1. Under appro-

priate conditions, the oscillating voltages from the externalRF subsystemof the plasma source can induce capacitive

coupling in the plasma near the location of the antenna terminals, and the associated RF sheath could accelerate

the ions towards the dielectric wall at energies higher than those induced by the DC sheath.

In order to better understand the variables involved in this process, figure 5.2 shows a simplified diagram of the

area near the location of one of the straps of the helical antenna, depicting it as a classical plane-parallel capacitor.

The antenna strap (of thickness tant) and the plasma itself play the role of the capacitor plates. The dielectric

materials between them, represented by thematerial boundary (of thickness tb) and a vacuum gap (with separation

dg) in the figure, correspond to the dielectric medium. Oscillating voltages are induced into the helicon antenna

by the external RF subsystem, which typically is more complex than the figure’s simplified representation (possibly

including impedance-matching circuits, instrumentation and other elements). The electric chargeQ stored in the

terminals of capacitors is proportional to the potential drop V between them, with the capacitance C being the

proportionality constant in an ideal capacitor,Q = CV .

In the simplest plane-parallel scenario, the capacitance is givenbyC = ǫdA/d, whereA is the area of the parallel

plates, d is the gap between them (filled by a vacuum or a dielectric) and ǫd is the dielectric material’s permittivity.

The ratio between a specificmaterial’s permittivity and the constant vacuumpermittivity ǫ0 is defined as its relative

permittivity ǫr = ǫd/ǫ0. The model depicted in figure 5.2 depicts instead the case of a capacitor with a compound

dielectric material, formed by the series coupling of the capacitance of the vacuum gap and the dielectric cylindrical
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Figure 5.2: Simplified model depicting the elements relevant in the description of capacitive coupling phenomena
in the regions near the antenna terminals in a helicon plasma source.

material boundary. The corresponding expression for the equivalence capacitance in this example is

Ceq =
ǫrbǫ0A

ǫrbdg + tb
(5.5)

where ǫrb is the relative permittivity of the dielectric material boundary. Since the charge stored by the ideal

capacitor is the product of the applied voltage V and its capacitance Ceq , reducing any of these two parameters

would decrease Q. Applying this argument to the present simplified analogy of the capacitive coupling near the

antenna terminals of a helicon source, a reduction of the equivalent capacitance would diminish the capability of

storing charge in the plasma sheath on the inner dielectric surface, and therefore reduce the possibility of related

plasma-surface interactions such as sputtering and etching. Reducing the applied voltage to the antenna terminals

would also produce the same effect.

The simplified scenario depicted in figure 5.2 must be modified for helicon source configurations where ad-

ditional material layers exist between the helicon antenna and the plasma. One such example is the use of hollow

dielectric cylindrical windows with the purpose of circulating cooling fluids inside them, as has been tested in the

PISCES-RF linear helicon device byThakur et al. ([106]). The authors reported negligible effects on the absorption

of the helicon wave or the production of high-density plasmas for this high-power device, when using deionized

water as a cooling fluid on a composite helicon windowmade of alumina and quartz coaxial cylinders.

Inpractical implementations of helicon sources, reducing the capacitance for a given choice of dielectric bound-

ary material can then be achieved by increasing the thickness of the material and the vacuum gap between it and

the antenna terminal. This may not always be feasible, as practical considerations such as weight and cost of the

material might preclude it. Some helicon source designs rely instead on direct contact between the antenna and

the dielectric boundary, for mechanical, thermal or electrical purposes. Besides, capacitive coupling plays a role in

starting the helicon discharge ([25]); diminishing it may impair the performance of the source.
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Electrical parameters in the external RF subsystem of the source can also be controlled in order to diminish

plasma-surface interactions due to undesired capacitive coupling. Diminishing the applied voltage at the antenna

terminals can reduce the potential within the RF sheath. However, this could create high RF currents within the

circuit which may not be feasible in practice. The other electrical parameter that has a significant effect on the

behavior of capacitive coupling phenomena is the applied RF frequency. Figure 3.2 from section 3.2.1 described

how helicon andwhistler waves exist in a defined range of theω-k space as right-hand polarized (RHP) cold plasma

waves. Section 4.2.3 discussed how lower RF frequencies enable the ions to react to the voltage oscillations and

become accelerated towards the material boundary during the transient phase of the wave with negative potential.

Therefore, frequencies which lie within the helicon wave range but are larger than the threshold frequency ωi =

πωpi(2Te/V0)
1/4 may significantly reduce plasma-surface capacitive effects.

A thorough discussion of the practical engineering implications ofmodifying these operating parameters in the

RF subsystem of a helicon plasma source is beyond the scope of the present discussion. A discussion of practical

design considerations is presented by Popov ([83]).

A common technique to reduce the effect of undesired capacitive effects in inductively-coupled plasma sources

([58]) is the use of Faraday shields or cages, as already described in section 3.4.2. Few results have been published

regarding their specific application to helicon plasma sources. Blackwell and Chen ([14]) described the effects of

an external aluminum Faraday shield on a helicon source using two different configurations of antennas (Nagoya

type-III, and helical). They were able to conclude that inductive coupling effects were associated with the produc-

tion of symmetrical, centrally-peaked dense plasmas. More recently, Rauner et al. ([88]) reported on the effects of

introducing a cylindrical copper jacket with azimuthal slits inside a quartz cylinder used as part of a low magnetic

field helicon plasma source. The shield becomes then the new plasma-facing surface. The contribution of the edge

localized TG-mode, previously described in section 3.2.1, is significantly reduced and the deposition of RF power

within the discharge is diminished. The authors attribute this effect to themodification of the boundary condition

of the plasma-facing surface of the cylindrical boundary, which becomes a conductor when the Faraday shield is

introduced.

5.2.3. Contact between Magnetic Flux Surfaces and Boundary Materials

The third erosion mechanism identified in helicon plasma sources is the direct contact between magnetic field

lines and the source boundary surfaces. The axial magnetic field in helicon sources is required for the excitation

of the H-mode (the helicon wave). It also serves the purpose of containing the discharge by preventing the radial

diffusion of the plasma towards the boundaries.

This contact between the field lines and the boundariesmaybe a tangential interactionor the direct intersection

of a field line with one of the boundaries. An ideal implementation of a cylindrical magnetized helicon source, such

as the one depicted in figure 3.6, may present an intersection of the field lines with the upstream boundary surface.

The plasma will then directly impinge upon the surface and the methods of section 5.2.1 can be applied to estimate

the distribution of ion flux and ion energies on the surface, and the corresponding plasma-surface interactions can

be estimated. If the magnetic field is properly aligned with the axis of the dielectric cylinder, and the source of the
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magnetic field has been designed to prevent any divergence of the field lines within the length of the cylindrical

boundary, then no contact should occur between the plasma and the plasma-facing surface of this cylinder.

Real implementations of helicon sources are more complex than these simplified models. The generation of

perfectly uniform axial magnetic fields may require complex engineering solutions which may not be practical or

feasible. As an example, large solenoid electromagnetic coils would be needed to create high field intensities that

continuously expand the length of the source. In some scenarios such as space electric propulsion, the practical

context of the applicationof the helicon sourcemight constrain the geometry or power consumptionof the external

magnetic field subsystem. Other applications might in fact require non-uniformmagnetic fields, where regions or

high and low intensities coexist; this is the case of the Ionizer stage in the VASIMR®.

These variations of helicon sources might present locations where the magnetic field lines intersect or tangen-

tially contact the boundary surfaces. The erosion caused by this type of interactions between the material bound-

aries and the magnetic field geometry are a well-studied issue in Hall-Effect electric thrusters ([19, 84]). Recently,

solutions have been proposed based on optimizing the geometry of both the magnetic field profile and of the di-

electric boundary surfaces ([57, 76]). The technique relies on the careful design of what Mikellides et al. define as

the “grazing line”, the last complete magnetic field line that extends from the external magnetic circuit to the back

of the annular acceleration channel.

A very similar strategy to that used in magnetically-shielded Hall thrusters has been investigated by Caneses et

al. ([22]) in their analysis of the magnetic field lines in the Proto-MPEX linear helicon device. They define the “last

uninterrupted flux surface” or LUFS as the completemagnetic flux surface that tangentiallymakes contact with the

material boundary of the helicon source. At radial coordinates larger than those of the LUFS, the magnetic field

lines intersect the boundary surfaces at several points and create short-length paths between these points. Caneses

et al. report that the plasma density decays rapidly in these regions, in amanner analog to the scrape-off layer (SOL)

in magnetic fusion devices.

Figure 5.3 depicts the 2D cross section of the VX-CRhelicon device (previously shown in figure 4.6), highlight-

ing the LUFS corresponding to itsmagnetic field configuration. The relevantmaterial boundary surfaces have been

labeled in this diagram. The VX-CR’s axial magnetic field is not of uniform intensity, with a value ofB ≈ 0.1T in

the region of the cylindrical alumina helicon window (labeled B in the figure), andB ≈ 0.4T in the downstream

choke region (inside the downstream limiter labeledC). Apart from the direct intersection of allmagnetic field lines

with the upstream dielectric material boundary (labeled A in the diagram), the geometry of all boundary surfaces

closely match the shape of the LUFS. There are no points of tangential contact between them, and the corners of

the vacuum chamber interface port (labeledD) have been chamfered to perfectly match the divergence of the field.

Identifying potential points of contact or intersection between the magnetic field and the boundary surfaces

in a helicon source is critical, as the ions could potentially impact these regions with a combination of their trans-

lational kinetic energy along the field lines, and the acceleration obtained as they enter the sheath at the surface

boundary. The geometry of the magnetic field at these contact points can also define the angle of impact of the

ions on the surface, requiring the use of the corresponding expressions for sputtering from ions not impacting at

normal incidence (as previously described in section 3.3.2).
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Figure 5.3: 2D schematic cross section of the VX-CR helicon device ([26, 45]), with the last uninterrupted flux
surface or LUFS highlighted in red. The main elements of the helicon source have already been identified and
labeled in figure 4.6. Boundary material surfaces have been labeled as follows: (A) the upstream boundary surface,
(B) the dielectric cylindrical tube, (C) the downstream limiter, and (D) the interface port from the downstream
vacuum chamber.

5.3. Power Balance Model of a Helicon Plasma Source

In order to properly estimate the relationship between these two key parameters n0 and Te for a given source

geometry and the specific operational configuration of a helicon source implementation, expressions for the power

balance of the complete helicon source are required in order to obtain the parameter values at steady-state for a

given input power into the system. The electron temperature Te will no longer need to be an input variable for the

magnetized cylindrical plasma simulation of chapter 3, but can instead be found through an iterative optimization.

The relationship between the power balancemodel and the cylindricalmagnetized plasmamodels from section

4.2.2 is depicted in the diagram shown in figure 5.4. The combination of both models enables a simulation where

the external input parameters are the RF input power to the systemPinp, the input mass flow rate of neutral gas ṁ

and the geometry of the cylindrical plasma source defined by the parametersR andL. The electron temperature of

the plasma Te, the plasma density distribution n, the neutral density distribution nn and the velocity distribution

for all particle speciesuj (for j = i, e, n) become internal state variables of the system. The optimization algorithm

consists of an iteration between both models until the calculation of the power dissipated by the source through

collisional processes and the flux of particles through its boundaries matches the external input powerPinp within

a pre-defined tolerance level.

The selected power balance criterion is amodification of the expression proposed byAhedo et al. [3], including

some concepts expressed by Vidal et al. [113]. It describes the power distribution within the helicon plasma source

itself, and does not analyze the magnetic nozzle present in the case of helicon thrusters. It can be expressed as the

equality between the external RF input power into the system, and the sum of the power dissipated in ionization
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Figure 5.4: Relationship between the internal and external variables of the Power Balance model ([3, 113]) and the
2D Cylindrical Plasma model ([3]).

and excitation processes Pion, the power deposited by the plasma in the boundary surfaces Pwall and the ejected

power through the downstream open boundary of the helicon source Pbeam. This is shown in the expression

Pin = Pout (5.6)

PRF = Pion + Pwall + Pbeam

The expressions on the right-hand side this equation are dependent on the electron temperature Te and the

distribution of the plasma density n within the source, as well as on other fixed parameters such as the source

geometry, the particular species and the input mass flow. The parameter PRF on the left-hand side is an external

input parameter into the system. A brief description of these terms will be presented, and the complete derivation

of all these terms is detailed in appendix C.

Pion represents the power dissipated within the helicon source due to collisional processes, which is estimated

as the product of the total flow of ions leaving the source through its boundaries and an term representing the

combination of excitation and collisional processes within the source. This second term is a key factor in the power

balance model as it determines the bulk of the power dissipation within the source and the convergence of the

optimization algorithm.

Ahedo andNavarro ([3]) describe this term as the effective ionization energyE′
ion, and they use the correlation

to the data derived by Dugan ([46]) for the case of argon plasmas. The present analysis will follow the more recent

study by Gudmundsson ([55]) and referenced by Lieberman and Lichtenberg ([71]), which contains collision rate

data for argon ions at the low electron temperatures relevant for typical helicon plasma sources (1 eV< Te < 10

eV). These later authors define this term as the collisional energy lost per ion-electron pair created εc, and define it as

εc = εiz +
∑

j

εex,j
kex,j
kiz

+
kel
kiz

3me

mi
Te (5.7)

where εiz is the ionization energy for singly-charged ions (εiz ≈ 15.76 eV for Ar+ ions), εex,j and kex,j

are respectively the threshold energies and rate coefficients for the different excitation processes (represented by the

subindex j), kiz is the ionization rate coefficient, andkel is the rate coefficient for elastic collisions between electrons
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and ions. The rate coefficients kex,j , kiz and kel are a function of the electron temperature Te; their formulas, as

compiled and reported byGudmundsson, are presented in appendixC. Figure 5.5 shows the estimated values for εc

as a function of the electron temperature for the case of singly-ionized argon plasmas, obtained from the expression

in equation 5.7. The plot clearly shows how the values of εc increase at lower electron temperatures, as the excitation

and elastic collisions are more dominant than ionization processes ([71]).

Figure 5.5: Dependence of the collisional energy lost per ion-electron pair created, εc, on the electron temperature
Te for singly-ionized argon plasmas according to Gudmundsson [55].

The term Pion from equation 5.6 can then be calculated as

Pion = εc

(

ṁT

mi

)

(5.8)

where ṁT represents the total mass flow through the system boundaries, and ṁT /mi is then the total flow

of ions through the boundaries. The calculation ofmT involves the calculation of surface integrals through each

system boundary (the upstream wall, the inner surface of the dielectric cylindrical boundary and the downstream

open end); they are detailed in appendix C.

The remaining two terms from equation 5.6, Pwall and Pbeam, represent respectively the transfer of momen-

tum from the different plasma species to the system material boundaries and the downstream open end. Their

calculation, derived from the plasma momentum equation, is also presented in appendix C.

In order to assess the accuracy and performance of the power balance model, a calculation was run with pa-
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rameters corresponding to the VX-CR helicon plasma source (previously presented in table 4.5). The geometrical

input parameters of the simulation, R and L, remained constant. The other two external parameters depicted in

figure 5.4 did not. The mass flow rate of neutral argon into the system is varied between the values of 200 sccm Ar

< ṁ < 500 sccmAr, which correspond to flow rates in the range 5.95µg/s Ar< ṁ < 29.7µg/s Ar. The range of

RF input power levels was chosen as 2000W< Pinp < 5000W. Figure 5.6 presents the result of the optimization

algorithm for these configurations. Both the equilibrium plasma temperature Te and the reference plasma density

n0 are shown as a function of theRF input powerPinp, with separate plots for each value of the neutral argonmass

flow rate ṁ.

The results shown in figure 5.6 predict a reduction in the electron temperature Te as the RF input powerPinp

is increased. This trend contradicts the expected behavior of increasing temperature as more energy is injected into

the system by the RF source, which is confirmed by the experimental data from the VX-CR shown in figure 5.7.

These results providedby the simulation,while not in agreementwith experimental data, canbe explained from

the limitations of themodels involved. The bulk of the energy dissipation is provided by the termPion, whosemag-

nitude is typicallymuch larger than the contributions provided by themomentum transfer termsPwall andPbeam.

The contribution of thePion term is larger for lower electron temperatures, given the increased effect of excitation

collisions as already shown in figure 5.5. Since the simulated plasma is composed of only three distinct species (neu-

trals, electrons and singly-ionized ions), as the energy input into the system (the RF input power Pin) is increased

for given a fixed input neutral mass flow rate ṁ, the simulation converges to a lower equilibrium temperature Te

in order to balance the additional energy input.

Other power-dissipationmechanisms are either not available or not implemented in this particular simulation.

The axial submodel, part of the 2D cylindrical plasma model, tends to converge to configurations where ηu → 1.

This implies that the neutral density at the downstream open end of the helicon source is null and the plasma is

fully ionized in that location. Therefore, an additional increase in the power input to the system cannot be dissi-

pated as an increment in the plasma ionization. The other mechanism which might absorb the additional energy

is higher ionization states in the positive ions. However doubly-ionized ions, which would imply the existence of

four different species within the plasma, are not taken into account by either the 2D cylindrical plasma model of

section 4.2.2 or by the power balance model of appendix C.

5.4. Potential Mitigation Strategies

Section 5.2 identified threemainmechanisms capable of producing significant erosion phenomenawithin heli-

con plasma sources, when the proper conditions are met. They include the diffusion of ions toward the boundary

surfaces, the acceleration of ions due to capacitive coupling produced by the helicon antenna terminals and the

direct contact between magnetic field lines and the material boundaries. The present section will discuss potential

strategies able to mitigate these phenomena and their effects, with a focus on the issues relevant for high-power

helicon plasma sources. They combine both adequate selection of the physical properties of the components of the

source, as well as design choices that reduce the potential unwanted erosion effects.
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(a)

(b)

Figure 5.6: Results obtainedwith the optimization algorithm relating thePowerBalance and 2DCylindrical Plasma
models. (a) shows the relationship between the electron temperatureTe and theRF input power levelPinp, and (b)
presents the reference plasma density n0 as a function of Pinp. Plots are shown for different values of the neutral
argon mass flow rate, and for those configurations where the optimization algorithm converged according to the
established condition.
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Figure 5.7: Experimental measurements of the electron temperature Te as a function of the input RF power in the
VX-CR device, as published by Castro et al. ([26]). The operational configuration of the system is that described
in table 4.5, with a neutral argon mass flow rate of ṁ = 200 sccm.
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5.4.1. Selection of Optimal Dielectric Materials

Thepropermaterial selection for all plasma-facing surfaceswithin a heliconplasma source can have a significant

effect on sputtering and erosion phenomena. However, the choice of materials must also consider many other

practical aspects of the implementation of the source and these requirements are not always aligned.

The properties of these boundary materials relevant for the design of helicon plasma sources can be organized

in three overall categories. They are electrical properties, mechanical and thermal properties and plasma interaction

properties.

Electrical Properties

The electrical requirements for candidate boundary materials are related to the need to transmit the radiofre-

quency waves from the external helicon antenna into the inner volume where the plasma discharge is produced.

The material’s relative permittivity must be high (εr ≫ 1), making the material an insulating dielectric. This pre-

vents the shielding of the propagation of the radio frequency waves through the boundary. The second electrical

property of relevance is the loss tangent tan δ, which quantifies the energy losses in the material when the radio

frequency waves are propagating through it. Caughman ([27]) presents the calculation of the power lossesPloss in

the material as

Ploss =
1

2
ωεd (tan δ)E

2 (5.9)

where ω is the frequency of the waves andE is the applied electric field. Both the material permittivity εd and

the loss tangent tan δ are functions of the temperature. Therefore, as losses occur the temperature of the dielectric

material increases, which leads to an increment in the rate of power loss and could potentially produce a positive

feedback loop of increased loss of radio frequency energy. A solution to this issue is the selection of materials with

low values of the loss tangent, coupled with proper mechanisms of heat dissipation as will be discussed below for

the thermal properties.

Mechanical and Thermal Properties

Dielectric boundary materials for helicon plasma sources should exhibit adequate resistance to fracture, good

tensile strength, low coefficients of thermal expansion and good thermal conductivity, among other relevant prop-

erties. Despite the fact that most plasma sources do not contain mechanical moving parts, these properties enable

helicon sources to resist themechanical loads createdwhen the residual heat from theplasmadischarge is distributed

among all boundary materials, and potential mechanical loads may be imposed on the boundary materials due to

uneven thermal expansion.

DeFaoite et al. ([40, 41]) published a thorough review of the mechanical and thermal properties of engineer-

ing ceramics suitable for application in the VASIMR® engine, a high-power electric propulsion device which con-
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tains a helicon plasma source as its first stage. Their review considers the following mechanical properties: density,

Young’smodulus, bulkmodulus, shearmodulus, Poisson’s ratio, tensile strength, flexural strength and compressive

strength. The thermal properties included in the analysis are the thermal conductivity, the specific heat capacity and

the thermal expansion coefficient. The candidate materials studied include alumina, aluminum nitride, beryllium,

fused quartz, sialon and silicon nitride. These parameters are presented as a function of thematerial’s temperature,

and mathematical regressions are produced to be used in engineering analysis.

From a thermal point of view, the boundary materials should also be able to withstand high temperatures of

operation. High-power helicon sources, such as the one used in the VASIMR® ([29]), the Pisces-RF experiment

([106]) or the Proto-MPEXdevice ([7, 22]) can easily reach steady-state operational temperatures above 500°Ceven

with advanced thermal management systems in place.

The combination of thesemechanical and thermal properties, with the electrical requirements discussed above,

typically constrain the selection of helicon source boundary materials to engineered ceramic materials with ade-

quate mechanical strength, tolerance to high temperatures, high thermal conductivity and low coefficients of ther-

mal expansion. As practical examples of material choices in high-power helicon sources, the VX-CR device has

operated with alumina and silicon nitride boundary surfaces, the Pisces-RF experiment uses a composite alumina

and quartz cylindrical helicon window including an annular channel for the circulation of cooling deionized water

([106]) and the Proto-MPEX device uses aluminum nitride for its dielectric helicon window section ([22]).

Plasma Interaction Properties

The mechanical and electrical material constraints previously discussed are related mostly to practical engi-

neering issues in the design of helicon plasma sources. They typically limit the selection of boundary materials to

dielectric technical ceramics with good mechanical resistance and thermal conductivities.

Beyond this category of properties, the sputtering parameters of the particular combination of boundary ma-

terials and plasma species are another factor that could influence this selection. As previously discussed in chapter

3, the sputtering yield is a factor of the particular combination of targetmaterial and the species of impacting ion, as

well as other parameters such as the incident energy and the angle of impact. The species present in the plasma, and

consequently the selection of neutral gas used for the discharge, are typically dependent on the specific application

of the helicon source. Therefore, the plasma species are normally considered a given constraint, and the selection

of boundary materials should comply with all the previously described mechanical and thermal properties, while

minimizing the potential sputtering yield values if possible.

5.4.2. Reduction of Plasma Density at the Material Boundaries

The distribution of plasma density along the source’s material boundaries is a key parameter to control the po-

tential rate of etching along these surfaces. It is in fact one of the parameters which are controlled in systems design

to intentionally etch surfaces, such as those used in the manufacturing of integrated circuits and microelectronics.
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In order to illustrate the discussion regarding the distribution of plasma density throughout the source, Fig-

ure 5.8 presents the basic results from the simulation of the VX-CR device according to the models presented in

Chapters 3 and 4, following the same configuration described in table 4.5.

Figure 5.8: Simulation of the distribution of the main plasma parameters in the VX-CR device according to the
Axial and Radial models described in Chapters 3 and 4. Simulation input parameters are those of table 4.5 with an
electron temperature of Te = 3.0 eV.

For reducing the plasma density along the inner surface of the cylindrical boundary of a helicon source, the key

approach is the control of the radial density profile. The radial submodel from the 2D cylindrical plasma model

presented in Chapter 3 and Appendix B describes the radial distribution of the plasma density towards the bound-

ary from the on-axis reference value, depicting a centrally-peaked distribution. The radial diffusion of the plasma

is determined by the magnitude of the axial magnetic fieldB, and appears within the lower-hybrid frequency pa-

rameter ωlh = eB(mime)
−1/2. The analysis presented in Chapters 3 and 4 made use of the asymptotic form of

the distribution for the magnetized regime, where ω̂lh ≫ uB/R; in this particular case, the radial distribution

is provided by a Bessel function of the first kind of order zero, and is independent of the value of the magnetic

field. Nevertheless, the geometry and magnitude ofB is the key parameter that affects the radial diffusion across

the magnetic field. As an indication of its critical relevance, the diffusion coefficient across a magnetic field can be

estimated ([71]) as

D⊥ =
eTeνm
meΩ2

e

=
meTeνm
eB2

0

(5.10)

where νm is the frequency of collisions of the electrons with the static background ions. Clearly, the effect of

the magnetic field in limiting cross-field diffusion is evident asD⊥ ∝ 1/B2
0 . Even in the case when the anomalous
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or Bohm diffusion is present,

D⊥,B =
Te

16B0

(5.11)

stillD⊥,B ∝ 1/B0. Controlling the magnetic field intensity is key in reducing cross-field diffusion.

At the upstream end of a helicon source, the plasma impacts directly with the boundary surface as themagnetic

field lines typically intersect it. According to the cylindrical plasma models as depicted in Figure 5.8, the plasma

density distribution along this surfacewill be determinedby the value of the on-axis density at the location z = −L,

since the radial distribution will depend on this particular value (as described by equation 5.2). The n/n0 plot in

figure 5.8 shows that this on-axis density approaches the reference value n0 = g0/uB at the upstream end of the

source (where z = −L or ẑ = −1). For the case of the VX-CR, the propellant utilization parameter in the

simulation tends to unity, ηu → 1, since the neutrals are mostly depleted at the downstream open end of the

simulation domain. This is a consequence of the asymptotic expressions used for the case ofmagnetized cylindrical

plasmas. However, Ahedo et al. ([3]) present results using the complete, non-asymptotic, solution of the axial

model where n/n0 < 1 at the upstream boundary of the simulation domain. Also, the actual experimental data

frommeasurements of on-axis plasma density previously presented in Figure 4.4 indicates that density values lower

than the reference plasma densityn0 do appear on practical implementations of helicon plasma sources. Therefore,

this is a topic that requires further investigation and experimental validation. Nevertheless, these partial results seem

to suggest that a reduction of the on-axis plasma density below the reference value ofn0 is possible. As an indicative

example, data published for theProto-MPEXexperimentbyKafle et al. ([60]) shows that the on-axis plasmadensity

at the upstream boundary is 20% of the corresponding value at the location of the helicon antenna (as estimated

using the 3D kinetic Monte Carlo particle code B2.5-Eirene).

A recent innovation in the design of helicon plasma thrusters related to diminishing the effects of plasma im-

pingement upon the upstreamboundary of the source, is theMagnetic Arch thruster developed by the Zarathustra

project of the Carlos III University in Madrid, Spain. Figure 5.9 shows a sketch of its operational concept. It con-

sists of a non-linear helicon plasma source, in which the usual cylindrical dielectric tube is bent into a circular arc

producing a source with two open ends (an no upstream boundary). This concept is still under development. The

removal of the upstream boundary eliminates the afore-mentioned issues of direct impact of ions, but the new arch

configuration includes curvedmagnetic field lines and its effect on the plasma dynamics will require further testing

and research. Besides, topics related to the detachment of the plasma from the magnetic arch configuration will

require to be addressed in order to demonstrate a reliable thruster design.

5.4.3. Reduction of RF Sheath Voltages

The acceleration of ions due to the capacitive coupling effects produced by the terminals of the helicon antenna

has been identified as one of the critical sources of unintended etching phenomena in the helicon plasma literature

([1, 6, 7, 11]).

Three approaches exist to mitigate these effects. The first one relates to the operational parameters of the ex-
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Figure 5.9: Sketch of theMagnetic Arch thruster from the Zarathustra project at theCarlos III University (Madrid,
Spain). Source: https://erc-zarathustra.uc3m.es/zarathustra/

ternal radio frequency (RF) subsystem of the helicon source, responsible for generating and transmitting the elec-

tromagnetic waves to the helicon antenna itself. As previously described in section 5.2, lowering the RF voltage

or increasing the operating frequency of the RF generator can reduce the capacitive coupling effects. The energy

obtained by the ions from the RF sheath is proportional to the potential induced in the dielectric material surface.

However, practical engineering considerations must be taken into account as reducing the voltage would increase

the current transmitted through the RF subsystem to levels which might be unfeasible in high-power devices. In-

creasing the operating frequency of the RF subsystem reduces the ability of the ions to react to the oscillating

electric field, and the low-frequency RF sheath approximation is then no longer valid. However, the chosen fre-

quency range must be adequate for an efficient coupling of the RF energy to the plasma in the H-mode and this

might constraint the frequency range to specific intervals for each particular implementation.

The second potential approach tomitigate capacitive coupling phenomena is the optimization of both thema-

terial selection and the geometry of the source, in particularwith respect to the configuration of the helicon antenna

with respect to the cylindrical material boundary. As previously described in section 5.2, increasing the thickness of

the dielectricmaterial and the gap between the dielectric window and the antenna terminals can decrease their com-

bined equivalent capacitance, and potentially reduced the magnitude of the induced voltages in the plasma-facing

surface. However, once again these modifications have to be weighed against constraints related to other aspects of

the operation of the source such as RF coupling efficiency, thermal and mechanical considerations, and others.

Finally, the use of Faraday shields is a promising technique which may significantly reduce capacitive coupling

effects in helicon sources. The study of their application for this particular purpose is incipient ([14, 88]) and further

research is needed to understand the effects of these shields in the overall efficiency and performance of the source.

An optimal design pattern or technique has not been identified yet.
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5.4.4. Magnetic Field Shaping

The geometry and magnitude of the external magnetic field has a critical relevance in the operation of helicon

plasma sources, including erosion phenomena. As described above, the magnitude of the axial magnetic field has

a dominant effect in reducing the cross-field radial diffusion of the plasma towards the cylindrical boundary wall.

Similar to the other parameters discussed in the preceding paragraphs, increasing themagnetic field intensity has to

be weighed against the effect of this action in the performance of the helicon source or its implementation.

In devices operating with non-uniform fields, the points of contact or intersection between the magnetic field

lines and the material boundary surfaces have the potential to create localized spots of increased erosion. Careful

mapping of themagnetic flux surfaces and its relationship with the geometry of thematerial boundary surfaces can

be used to intentionally place these contact points at regions where adequate conditions exist in order to reduce

unwanted plasma-surface effects.

This is the approach followed with the Proto-MPEX high-power helicon device ([22]), where the geometry

of the magnetic field was modified to ensure that the tangential contact point between the last uninterrupted flux

surface (LUFS) and thematerial boundary surfaces occurs away from the dielectric cylinder. The particular contact

point wasmoved downstream from the helicon antenna regionwhere the coupling of theRFwaves takes place, to a

region where the ceramic material is replaced by ametallic (stainless steel) limiter. The use of this alternate material

reduces the problems associated with the direct contact of the field lines in the antenna region within the source,

reducing the plasma density in this critical area. The stainless steel limiter also acts as a sacrificialmaterial, which can

then be replacedwhen the etching depth becomes unacceptable. This particular study did not analyze the effects of

the transport of the sputtered atoms from this stainless steel limiter along themagnetic field lines, which are in effect

impurities whichmay hinder the performance of this device for its intended purpose of plasma-surface interaction

studies. This particular issue has been analyzed by Beers et al. ([8]) for the same Proto-MPEX experiment.

5.5. Chapter Conclusion

Based on the theoretical developments and simulation techniques presented in Chapters 3 and 4, the most

important erosion mechanisms affecting helicon plasma sources have been identified and discussed.

Potentialmitigation approaches have been presented formost of them, based on these findings and on practical

results published in the available literature. Opportunities for further research work have been identified and dis-

cussed, whichmay contribute to advancing the study of plasma-surface interactions within helicon plasma sources.
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Chapter 6

Conclusions and Recommendations

This chapter summarizes and the main research conclusions obtained during the course of this research work.

A concluding section will propose future avenues of research which may be pursued as a continuation or a com-

plement of the present work.

6.1. Summary of Conclusions

The present work focused on the study of internal plasma-surface interactions in a particular kind of plasma-

generating device, the helicon plasma source. These belong to the family of radiofrequency-based plasma sources

which do not require electrodes immersed within the discharge, and have the capability of producing high-density

plasmas with low input powers. The fact that the plasma discharge is excited through an external antenna, a trait

shared with other technologies such as inductively-coupled plasma (ICP) sources and capacitive-coupled plasma

(CCP) sources, is thought to reduce the problems associated with the erosion of cathodes and electrodes inside

the plasma. Given these promising features, helicon sources have gained recent interest as plasma sources in the

semiconductor and material processing industry, in the field of electric space propulsion, as plasma sources for

fusion-related research studies or as ion sources in large-scale fusion devices. However, as the technology evolves and

higher-power devices are tested, a thorough understanding of all interactions between the plasma and the boundary

material surfaces in helicon sources has become relevant. These phenomena are essential in defining the lifetime of

practical helicon implementations, as well as optimizing the ability to produce impurity-free plasmas for many

industrial and research applications.

Chapter 3 presented the background theory supporting the framework developed to address the objectives of

this project. Four main areas within the plasma physics literature were identified as essential foundations for the

objectives of this research. The first is the body of theoretical work on helicon plasma waves, which began with

preliminary work in the 1960s but was developed and organized by Rod Boswell, Francis Chen and their research

groups in the 1980s and 1990s ([16, 37]). The physics of helicon waves and the mechanisms through which they

couple and deposit their energy into the plasma discharge is still an active topic of research in the present day.
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However, the currently-acceptedmodels of the twomain couplingmodes ([5, 36]), theH-mode and the TG-mode,

can be used to understand the relationship between some of the key parameters in a helicon discharge (frequency,

density, magnetic field intensity) and can be used to inform the design of practical implementations. The second

area studied is the modeling of cylindrical plasma discharges within an axial magnetic field. The initial work in

this field was produced in the early days of plasma physics by Langmuir and his research on arc discharges ([107,

108]). The recent work by Ahedo’s research group ([2, 3]) was selected as the basis of a 2D steady-state model

of cylindrical magnetized plasmas, capable of depicting the distribution of all relevant plasma parameters without

requiring computationally-expensive operations. The third and fourth topics identified are related to the subfieldof

plasma-surface interactions. Plasma sheaths are an essential phenomena for the understanding of howplasmas react

to the presence of material surfaces, and also determine critical aspects of how ions might get accelerated towards

the surface. Models for DC andRF sheaths were described based on the work of Lieberman and Lichtenberg ([71])

among others. Finally, plasma-surface interaction phenomenawere analyzedwith a specific emphasis on sputtering

and erosion phenomena. The current theories describing sputtering phenomena were reviewed. Recent empirical

models describing sputtering at low temperatures and in ceramic materials were discussed. The chapter concluded

with a review of recent experimental work in this particular subject and other related fields, highlighting the general

scarcity of specific work in this specific area in both the simulation and experimental fronts.

Chapter 4 described the development of simulation tools based on the theories previously introduced. Steady-

state analytical expressions were developed for each one of the four topics identified in chapter 3, and these numeri-

cal models were implemented in the Python programming language making use of the NumPy and SciPy toolkits.

Estimations provided by these models were compared, and validated, against available experimental data from rele-

vant helicon plasma sources matching the assumptions and constraints of the simulation. New correlations for the

sputtering of composite ceramic materials by argon atoms at low impact energies were developed, by adapting the

existing empirical models developed for the case of monoatomic target materials. Estimations were produced for

the density distribution and etch rates of theVX-CRheliconplasma source, as a test of the capabilities of themodel.

Etch rates were calculated for the two main modes of erosion related to the diffusion of ions toward the boundary

surfaces and the acceleration through the sheaths, both for the DC sheath and the low-frequency capacitive RF

sheath. Within the assumptions of the simulation models, it was found that the higher erosion rates appear at the

upstream boundary surface, since the magnetic field lines intersect this whole surface and the average density over

it is higher than in other boundaries. Themaximum etch rate estimated at this surface was of 2.0×10−9 m/s. The

secondmost relevant erosionmechanism found is the etching due to capacitive coupling under the antenna straps,

with maximum values of 2.5× 10−13 m/s. Etching on the plasma-facing surface of the cylindrical boundary is an

order of magnitude smaller, with maximum estimated etch rates of 5.0× 10−14 m/s. These results were discussed

and analyzed, highlighting the model limitations and the areas were further research is needed in order to improve

the accuracy of these predictions.

Chapter 5 discussed the modeling results obtained in chapters 3 and 4 with the purpose of describing the main

mechanisms for erosion of the internal boundary surfaces in helicon plasma sources. Three globalmodes of plasma-

surface interactions capable of producing sputtering of the material surfaces were identified: a) the direct diffusion

of the plasma towards the boundary surfaces (across and along the magnetic field lines) with the ions being ac-
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celerated by the potential drop across the DC sheath at the boundary; b) acceleration of the ions due to the low-

frequency RF sheath under the terminals of the external helicon antenna; and c) the direct contact or intersection

between themagnetic flux surfaces and thematerial boundary surfaces. Eachone of thesemodeswas discussed thor-

oughly, identifying their key parameters, the effects of modifying them, and the practical engineering and physics

implications of these approaches. Since both the plasma density n and the electron temperature Te were identi-

fied as key plasma parameters with an influence on all these erosion mechanisms but Te is a fixed input parameter

in the simulations developed in chapter 4, a global power balance model was introduced which complements the

cylindrical plasma simulation. This addition enables the calculation of both Te and n as internal state variables of

a combined simulation depending on external parameters such as the RF input power, the neutral mass flow rate

and the source geometry. Simulations were performed for the VX-CR device, where it was found that the bulk of

the dissipated energy was allocated to the ionization and excitation reactions, favoring lower electron temperatures

as the input power is increased. The limitations of the power balance model were discussed, and future potential

improvements were identified. Finally, general mitigation strategies were presented and briefly discussed for the

mitigation of unwanted erosion phenomena within helicon plasma sources. These include a discussion on the op-

timal selection of dielectric boundarymaterials, the reduction of the plasma density along the sheath edges near the

boundary surfaces, the minimization of capacitive coupling effects due to the creation of RF sheaths near the ter-

minals of the helicon antenna, and the proper design of the magnetic field geometry. The practical implications of

each one of these strategies was analyzed and balancedwith all other constraints related to the design of high-power

helicon plasma sources.

The study of erosion phenomena for the three candidate materials selected discussed in chapter 5 clearly shows

how those combinations where the sputtering yield is lower, present lower rates of surface etching. Among the

three simulated materials, silicon dioxide presents the lower values of Ysputt while alumina presents the highest.

However, the additional considerations discussed in section 5.4, regarding the mechanical and thermal properties

of the dielectricmaterials used in heliconplasma sources, suggest the conclusion that siliconnitride is a better choice

than silicon dioxide, given its higher mechanical strength and thermal conductivity among other factors. The key

plasma parameters that contribute to erosion phenomena are the electron temperatureTe and the plasma density at

the boundary surfacenb. The plasma temperature contributes to determining thewall potentialφw and the plasma

potential φp, and sputtering will only occur if the potential difference between the plasma and the wall surface is

larger than the threshold energy for sputtering, (φp − φw) > Ethr. If this condition is met, the plasma density

at the boundary nb then becomes the main parameter driving the surface etch rate, as it the ion flux to the wall is

proportional to it: Γi ≥ nbuB , and uB is the boundary condition at the surface sheath given by the Bohm Sheath

Criterion.

Helicon plasma sources are increasingly finding applications in fields ranging frommaterial interaction exper-

iments within the fusion community, space electric propulsion and basic plasma physics research. An accurate

understanding of all issues constraining their performance or limiting their practical lifetime will be required in or-

der to further advance the development of these technologies. Beyond the specific focus in helicon plasma sources,

the models developed in the present work can also be applied in several fields involving plasma-surface interactions

at low temperatures and in the presence of magnetic fields. These include industrial material processing appli-
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cations, the development of practical fusion devices where the scrape-off layer (SOL) presents plasma parameters

with values overlapping the operational regimes of high-power helicon plasmas, and other types of electric plasma

thrusters. These domains can also benefit from the development of computationally-inexpensive simulation tools

which can guide practical design decisions.

6.2. Recommendations for Future Research Work

Throughout the course of this researchproject, undeveloped topicswere identified in several fields lying outside

of the scope of the present work. Several potential improvements to the modeling work presented in this thesis

were also evident from the discussion of the results obtained. The present section summarizes these areas where

the results presented in this work can be expanded or improved. They are organized according to their relationship

to experimental or simulation research.

6.2.1. Experimental Research Work

Within the helicon community, few experimental devices have been dedicated to the study of plasma-surface

interactionswithin the source. The relevant experimental workwhich exists has been typically carried out as part of

broader, unrelated research campaigns. Experiments could be carried out in flexible helicon-based plasma sources,

where detailed measurements of the internal distribution of the plasma parameters can be carried out along the in-

ternal boundary surfaces. Besides the classical plasma physics probes (Langmuir probes, RPAs and Faraday cups),

non-invasive techniques such as optical emission spectrometry (OES), laser-inducedfluorescence (LIF) and IR ther-

mography can produce relevant information on the distribution of excitation reactions throughout the plasma and

the distribution of power deposition in these internal surfaces.

A particular topic where a clear need of relevant experimental data was identified is sputtering yield values for

the dielectric ceramic materials impacted by ion species commonly used both in low-temperature plasma sources

and electric propulsion devices, and at their typical low-temperature intervals. Existing data is scarce, and collected

using different techniques and at different energy ranges. The research community would greatly benefit from a

consolidated effort of collecting and compiling accurate data for the low-temperature energy range of 10 eV <

Te < 200 eV.

Among the different mitigation strategies for addressing erosion phenomena within helicon plasma sources,

Faraday shields are widely cited in the literature due to previous successful results in inductively-coupled plasma

(ICP) sources. Very little experience has been accumulated regarding their usefulness in helicon plasma sources.

Questions remain open regarding their effects on the efficiency and performance of the plasma discharge, and spe-

cific research related to the eventualmitigation of capacitive coupling phenomena in helicon sources is non-existing.
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6.2.2. Simulation Research Work

The current research aimed to develop a practical model of the erosion phenomena within high-power heli-

con sources. The approach selected was based on 2D fluid-dynamic models for magnetized cylindrical plasmas.

However, several assumptions exist in the model which may affect the estimations of the distribution of plasma

parameters; exploring these alternative configurationsmay provide further insights into the plasma behavior which

better match actual experimental measurements. Among them, the magnetic field is taken as a constant axial value

throughout the source; themodel couldbe improved to include thepossibility of non-uniformmagnetic fields. The

electron temperature, a key parameter in defining the momentum transferred by all species in their mutual colli-

sions and interactions with the boundary surfaces, is assumed a constant value throughout the simulation domain.

Non-uniform Te values could be introduced into the model, as well as non-Maxwellian temperature distributions.

Of particular interest is the study of edge-localized modes such as the TG-mode present in helicon sources; their

role in the deposition of RF energy becomes relevant at lowmagnetic field intensities, and they could also influence

the plasma-surface interactions in DC and RF sheaths. The chosen model for cylindrical plasmas is the asymptoti-

cal magnetized case of the model proposed by Ahedo andNavarro-Cavallé ([3]); although the magnetized scenario

is typical of the high-power helicon devices under study in the present work, further insights could be obtained by

implementing the complete, non-simplified model. The effects of some key parameters such as the magnetic field

B could be further understood.

Another possible research path is the substitution of the chosen 2D fluid-based model for cylindrical magne-

tized plasmas with particle-based codes, which could be coupled to the sheath and sputtering submodels developed

in the present work. Several alternatives are available, including open-source particle-in-cell (PIC) implementations

such as XOOPIC or commercial packages such as COMSOL®.

The power balance model introduced in Chapter 5 is also based in the work proposed by Ahedo and Navarro-

Cavallé. While their particular configuration included amodel for themagnetic nozzle of a helicon plasma thruster,

the modified version presented here includes only a static downstream simulation boundary. This minimizes the

effects associated to the fact the plasma in the helicon source is a flowing plasma, and this may contribute to the

dominance of the ionization and excitation term as the main energy deposition mechanism in this simulation. Im-

proving this power balance model, by better representing the boundary conditions at the downstream open end of

the source could significantly improve the results obtained from this simulation. Including dissipationmechanisms

associated with high-power devices such as the possibility of doubly-ionized ions could better represent actual ex-

perimental devices; this would require updating the cylindrical plasma simulation to include this fourth species of

particle.
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Appendix A

Derivation of Dispersion Relation for

Helicon and Trivelpiece-Gould Waves

A.1. Introduction

Helicon waves are a category of righ-hand polarized (RHP) plasma waves which propagate along dc magnetic

fields in bounded systems. They are related to so-called whistler waves which have been studied in atmospheric

physics since the early XX century. A historical perspective on the early development of the theory and research

related to helicon plasma waves is provided in the review paper from Boswell ([16]).

This section describes the behavior of helicon plasma waves through the derivation of their corresponding

dispersion relation, with a particular emphasis on cylindrical geometries. This derivation will be obtained both

from the simplified description of cold plasma waves in magnetic fields, as well as a more general approach based

onMaxwell’s equations and the equation of motion.

A.2. Cold Plasma Wave Approximation

This description of cold plasma waves in dc magnetic fields follows loosely the terminology and approach pre-

sented in Stix ([98]).
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Equation set A.1 presents Maxwell’s equations in differential form.

∇ ·E =
ρ

ǫ0

∇×E = −∂B

∂t

∇ ·B = 0

∇×B = µ0j+

(

1

c2

)(

∂E

∂t

)

(A.1)

The magnetic field is aligned with the z axis,B = B0k. The electric and magnetic fields will be linearized as

E = E0 + Ẽ1(r, t) andB = B0 + B̃1(r, t), whereE0 andB0 are the values at equilibrium and Ẽ1 and B̃1 are

perturbations of type eωt+mθ+kz .

Application of the Fourier transform to set A.1 yields the following linearized expressions,

ık× Ẽ1 = ıωB̃1 (A.2)

ık× B̃1 = µ0̃j1 +
(

− ıω

c2

)

Ẽ1 (A.3)

Combining these expressions produces

k× k× Ẽ1 =
(µ0ω

ı

)

j̃1 −
(

ω2

c2

)

Ẽ1 (A.4)

The expression on the left side can be expanded as,

k× k× Ẽ1 =
(

Eykxky − Exk
2
y − Exk

2
z + Ezkxkz

)

ex

+
(

Ezkzky − Eyk
2
z − Eyk

2
x + Exkxky

)

ey

+
(

Exkxkz − Ezk
2
x − Ezk

2
y + Eykykz

)

ez

(A.5)

and then compacted to,

k× k× Ẽ1 = k2
[

kk

k2
− 1

]

· Ẽ1 (A.6)

wherekk = [kikj ] and 1 = [δij ] is the unit tensor. Substituting expression A.6 in equation A.4 produces the

general dispersion relation
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−N2

[

kk

k2
− 1

]

· Ẽ1 =

(

ı

ǫ0ω

)

j̃1 + Ẽ1 (A.7)

whereN = ck
ω is the index of refraction and c2 = (ǫ0µ0)

−1 has been applied.

Equation A.8 shows the two-species momentum equation, where s = {i, e} stands for ions and electrons.

nsms

[

∂us

∂t
+ (us · ∇)us

]

= nsqs (Es + us ×B) (A.8)

Several assumptions regarding the plasma at equilibrium are required to obtain the cold plasma approximation.

1. The plasma is quasineutral, therefore ns0 = n0 for both species.

2. The plasma is isothermal, therefore∇ps = 0 for both species.

3. The electric field at equilibrium is null,E0 = 0.

4. The magnetic field is uniform and constant,B = B0ez .

Linearizing equation A.8 while applying these assumptions yields,

ms

(

∂us1

∂t

)

= qsE1 + qsus1 ×B (A.9)

Applying the Fourier transform to this result then produces,

−ıωmsũs1 = qsẼ1 + qsũs1 × B̃ (A.10)

For the sake of simplicity, tildeswill be dropped fromnowon (allmagnitudes represent their frequency-domain

transformations). Noting thatus1×B = (B0us1,y) ex−(B0us1,x) ey , the previous expression can be simplified

as

us1 =

(

qs
ms

)







−ıω −Ωs 0

Ωs −ıω 0

0 0 −ıω







−1

·E1 (A.11)

whereΩs =
−|qs|B0

ms
is the cyclotron frequency for each species. Inversion of the matrix produces,

us1 =

(

qs
ms

)









ıω
ω2−Ω2

s
− Ωs

ω2−Ω2
s

0
Ωs

ω2−Ω2
s

ıω
ω2−Ω2

s
0

0 0 ı
ω









·E1 (A.12)
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Defining themobility tensor µs as

µs =

(

qs
ms

)









ıω
ω2−Ω2

s
− Ωs

ω2−Ω2
s

0
Ωs

ω2−Ω2
s

ıω
ω2−Ω2

s
0

0 0 ı
ω









(A.13)

equation A.12 becomes,

us1 = µs ·E1 (A.14)

The total current density for the two-fluid plasma can be expressed as

j1 =
∑

s

(qsnsus1) =
∑

s

[qsns (µs ·E1)] (A.15)

which can be condensed as the expression forOhm’s Law for the cold-plasma approximation,

j1 = σ ·E1 (A.16)

where σ =
∑

s

qsnsµs is the conductivity tensor.

Now, substituting the expression for the current density in the general dispersion relation of electromagnetic

waves, equation A.7, with that fromOhm’s Law for the cold-plasma approxiomation, equation A.16, the nature of

cold plasma waves can be further investigated.

−N2

[

kk

k2
− 1

]

·E1 =

(

ıσ

ǫ0ω

)

E1 +E1 (A.17)

which can be simplified as

{

N2

[

kk

k2
− 1

]

+ ǫ

}

·E1 = 0 (A.18)

where the dielectric tensor, ǫ =

(

ıσ

ǫ0ω

)

+1 has been defined. The terms of this dielectric tensorwill be defined

and analyzed, once again following the terminology established by Stix ([98]).
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ǫ =







ǫ1 −ıǫ2 0

ıǫ2 ǫ1 0

0 0 ǫ3






=







S −ıD 0

ıD S 0

0 0 P






(A.19)

where S,D and P are respectively the sum, difference and plasma terms which can be defined as follows when

the corresponding terms are expanded.

S = 1−
∑

s

ω2
p,s

ω2 − Ω2
s

(A.20)

D =
∑

s

(

Ωs

ω

)

(

ω2
p,s

ω2 − Ω2
s

)

(A.21)

P = 1−
∑

s

(

ω2
p,s

ω2

)

(A.22)

where use has been made of the expression for the plasma frequency, ω2
p,s =

q2sns

msǫ0
.

In the absence of an externally-appliedmagnetic field,B = 0, the cyclotron frequency for each species becomes

null,Ωs = 0, and therefore the sum and plasma terms become equal while the difference term becomes null. This

produces a symmetric dielectric tensor, essentially describing an isotropic plasma.

S = P = 1−
∑

s

(

ω2
p,s

ω2

)

(A.23)

D = 0 (A.24)

⇒ ǫ = P1 (A.25)

For the case when an external magnetic field is applied and without loss of generality, the magnetic field vector

will be considered parallel to the z direction and the wave vector located within the xz plane, k = (k sin θ)ex +

(k cos θ)ez, as depicted in figure A.1.

The introduction of the angle θ between the wave vector k and the magnetic field vectorB allows the simpli-

fication of equation A.18 as







S −N2 cos2 θ −ıD N2 sin θ cos θ

ıD S −N2 0

N2 sin θ cos θ 0 P −N2 sin2 θ






·E1 = 0 (A.26)
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FigureA.1: Vectorquantities involved in thedescriptionof coldplasmawaves in thepresenceof an externalmagnetic
field.

The conditions for the propagation of the cold plasma wave will be those that satisfy equation A.26. Beyond

the obvious solution E1 = 0, the determinant of the matrix in this equation must become null in order for the

expression to be valid.

LetR = S +D,L = S −D, and therefore S2 −D2 = RL, S = (1/2)(R+L) andD = (1/2)(R−L).

Introducing these quantities into the expression for the determinant of the matrix in equation A.26, produces the

following quadratic expression inN2,

(

S sin2 θ + P cos2 θ
)

N4 −
[

RL sin2 θ + SP
(

1 + cos2 θ
)]

N2 + PRL = 0 (A.27)

Solutions for these equation could be found using the general formula for quadratic equations

N2 =
B ±

√
∆

2A

where the coefficientsA,B and the discriminant∆ are defined as follows,

A = S sin2 θ + P cos2 θ

B = RL sin2 θ + SP
(

1 + cos2 θ
)

C = PRL

∆2 = B2 − 4AC
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However, a more practical approach for the analysis of this equation can be obtained by manipulating the

trigonometrical expressions contained in equation A.27. Following [54], expressions can be found for sin2 θ and

cos2 θ which can be combined to produce equation A.28 for tan2 θ.

tan2 θ =
−P

(

N2 −R
) (

N2 − L
)

(SN2 −RL) (N2 − P )
(A.28)

The advantage of the expression in equationA.28 is that the analysis of the angle θ and the corresponding terms

in its numerator and denominator easily produces simple expressions for the desired dispersion relations, without

the need of solving the quadratic expression in equation A.27.

For the case of parallel cold plasma waves, θ = 0 and therefore tan2 θ = 0. This can only happen ifN2 = R

orN2 = L, which respectively produce the so-called right-handedwaves and left-handedwaves.

For the case of perpendicular cold plasma waves, θ = π/2 and therefore tan2 θ → ∞. This is produced when

N2 = RL/S, termed the extraordinary wave, or whenN2 = P which is called the ordinary wave.

Equation A.28 also depicts the conditions present at resonances, in the limit whereN → ∞. This produces

tan2 θ ≈ −P/S. For the case of waves parallel to the magnetic field, θ = 0 and resonances are produced ifP = 0

or if S → ∞; this last condition is equivalent to the cases whenR → ∞ orL → ∞.

A.3. Derivation from Maxwell Equations

This section derives the dispersion equation for the helicon (“H”) and Trivelpiece-Gould (“TG”) modes fol-

lowing the approach published by Chen and Arnush ([36]).

Maxwell’s equations can be stated as

∇ ·B = 0 (A.29)

∇×E = ıωB (A.30)

∇×B = µ0 (j− ıωǫ0E) = −ıωǫ0µ0ǫ ·E (A.31)

where all symbols maintain their usual meaning in the field of electrodynamics. The momentum equation for

the electrons can be expressed as

−ıωmeue = −e (E+ ue ×B)−meνue (A.32)

where ν is the collisional frequency for the electrons. By applying the cold plasma approximation (ui ≈ 0),

the current can be defined as j = −enue.
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The substitutionsΩe = eB0/me, δr = ω/Ωe and δ = (ω + ıν)/Ωe transform A.32 into

E = −
(

B0

en0

)

(ıδj+ êz × j) (A.33)

Neglecting the displacement current term in equation A.31 and combining this result with equation A.30 and

equation A.33 produces

−
(

B0

en0µ0

)

{ıδ∇×∇×B+∇× [êk × (∇×B)]} = ıωB (A.34)

Applying the properties of the curl operation in the frequency domain, it can be demonstrated that ∇ ×
[êk × (∇×B)] = −ık(∇ × B), where k is the axial wave number in the assumption of perturbations of the

typeA = A0 + Ã exp[ı(kz +mθ − ωt)] for all physical quantities involved. Equation A.34 then becomes

−
(

B0

en0µ0

)

{ıδ∇×∇×B+ ık∇×B} = ıωB (A.35)

This expressionwill be simplified through the electronplasma frequencyω2
p = n0e

2/(ǫ0me), the skinnumber

ks = ωp/c and the low frequency whistler wave number defined by δk2s = ωn0µ0e/B0 = k2w. Equation A.35

then becomes

δ∇×∇×B− k∇×B+ k2wB = 0 (A.36)

This is a vector-valued, second-order homogeneous ordinary differential equationwith the characteristic equa-

tion

δβ2 − kβ + k2w = 0 (A.37)

which produces the roots

β1,2 =
k ∓

√

k2 − 4δk2w
2δ

=

(

k

2δ

)

[

1∓
√

1− 4δ

(

k2w
k2

)

]

(A.38)

Applying the binomial expansion to the square root term in the right side of the equation, the following sim-

plified approximation can be obtained

β1,2 ≈
(

k

2δ

){

1∓
[

1− 2δ

(

k2w
k2

)]}

≈
{

k2w
k
k
δ + k2w

k

(A.39)
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Typically, k2w/k ≪ 1 and therefore β2 ≈ k/δ. Solution β1 corresponds to the helicon of H-mode, while β2 is

the Trivelpiece-Gould or TG-mode.

The limit of the H-mode for the zero-electron mass limit is

βH =
k2w
k

=
ω

k

n0eµ0

B0

≡ α (A.40)

which is the typical dispersion relation for helicon plasma waves with βH a total wave number and k the wave

number component in the direction ofB.

The TG-mode expression produces,

ω = Ωc cos θ (A.41)

which clearly defines the TG-mode as an electron cyclotron wave which is typically present at the boundary

edges of the system and is more relevant a low values of the magnetic fieldB.

The general solution of the ODE from equation A.36 can be obtained through the factorization

(β1 −∇×) (β2 −∇×)B = 0 (A.42)

where B = B1 + B2 where ∇ × Bj = βjBj for j = 1, 2. Taking the curl of these expressions, vector

Helmholtz equations can be obtained for each one of themode as∇2Bj+β2
jBj = 0. This equation can be solved

in cylindrical coordinates to obtain the expressions for the fieldsB andE. The complete derivation is described in

the published works by Chen et al. ([5, 32, 33, 36]).
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Appendix B

Modeling of cylindrical magnetized plasmas

B.1. Introduction

The derivation of the 2D fluid-dynamic model for cylindrical magnetized plasmas will be presented, following

the work of Ahedo and Navarro-Cavallé ([2, 3, 80]. These expressions are based in the fluid momentum conserva-

tion equations for a steady-state plasma in cylindrical coordinates. Through a variable separation process, specific

models are developed for the description of the relevant plasma parameters as a function of the radial and axial

coordinates.

B.2. Derivation

B.2.1. General Fluid Equations

The derivation starts with the contiuity and momentum equations for the plasma. The continuity equation

can be expressed as

∇ · (neue) = ∇ · (niui) = −∇ · (nnun) = ne (nnRion − νw) (B.1)

which expresses that thedivergenceof themomentumof electrons (or ions) is theopposite to the corresponding

term for the neutrals, and that all these terms canbe explained through the ionization rate of reactionnnRion (where

Rion has units of volumeper unit time) and the rate ofwall recombinationνw. nj anduj are respectively the density

and velocity vectors of species j = e, i, n.

The continuity equations for the plasma can be expressed as

∇ · (mjnjujuj) = −∇pj + qjnj (−∇φ+ uj ×B)− Sj (B.2)
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where∇pj is the pressure gradient term for species j, pj = njTj with Tj is the temperature of species j in

energy units, qj is the charge per particle for species j (where qi = e, qe = −e and qn = 0)−∇φ is the gradient of

the electric potential,B = B0êz is the constant axial magnetic field along coordinate z, and the term Sj collects

the collisional processes corresponding to species j. The previous expression can be expanded as follows,

njmj

[

∂uj

∂t
+ (uj · ∇)uj

]

= −∇pj + qjnj (−∇φ+ uj ×B)− Sj (B.3)

The expression between brackets in the left side of the previous equation is thematerial derivative or convective

derivative of the particule velocity vectoruj . Its proper derivation is presented at the endof thisAppendix in section

B.2.5.

B.2.2. Model Assumptions

The derivation of the cylindrical plasma models is based on the the set of assumptions listed in Table B.1.

Table B.1: Assumptions introduced in the derivation of the cylindrical magnetized plasma models.

Assumption Implication

1 Axial symmetry. ∂/∂θ = 0

2 Cold neutrals, axial neutral velocity. Tn ≪ Ti, Te and un = unêz

3 Cold plasma approximation. Ti ≪ Te ⇒ pi ≪ pe

4 Longitudinal ambipolarity. j = jθêθ ⇒ uir = uer = ur and uiz = uez = uz

5 Variable separation for the density function. n(r, z) = nz(z)nr(r, z)

with nr(r, z) non-dimensional and
∫ R

0
nr(r, z)rdr = R2/2

6 Variable separation for φ(r, z), null potential at axis. φ(r, z) = φz(z) + φ(r, z) and φr(0, z) = 0

7 Magnetic effects on ions are negligible. uiθ ≪ ueθ = uθ

8 Negligible longitudinal electron inertia. Inertia terms (left side terms) on coordinates r and z negligible in equation B.3.

Azimuthal electron inertia retained. Non-zero inertia terms (left side terms) on coordinate θ in equation B.3.

9 Radial variations predominant for nr, φr, ur, uθ . ∂nr/∂z ≪ ∂nr∂r

∂φr/∂z ≪ ∂φr/∂r

∂uj/∂z ≪ ∂uj/∂r for j = r, θ

Axial variations predominant for uz . ∂uz/∂ur ≪ ∂uz/∂z

10 Steady-state conditions. ∂/∂t = 0

By applying this set of assumptions and expanding the convective derivatives from equation B.3, three sets

of equations can be obtained, for each one of the species present in the plasma and corresponding to the radial

r, azimuthal θ and axial z coordinates, as well as the corresponding expression for the continuity equation. The

equations corresponding to the electrons are
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0 = e

(

∂φ

∂r

)

− eB0uθe − Te

(

∂n

∂r

)

−menn (Rion +Ren)ur (B.4)

me

[

ur

(

∂uθ
∂r

)

+
uθur
r

]

= eurB0 −menn (Rion +Ren)uθ −menReiuθ (B.5)

0 = ne

(

∂φ

∂z

)

− Te

(

∂n

∂z

)

−mennn (Rion +Ren) (uz − un) (B.6)

(

1

r

)

∂

∂r
(rnur) +

∂

∂z
(nuz) = nnnRion − nνw (B.7)

where νw = νw(z) is the wall recombination frequency, a parameter describing the rate of production of

neutrals at the systemboundaries as they are impactedby ions andneutrals.Rion, Rei, Ren, Rin are respectively the

collisional rates for ionization, and electron-ion, electron-neutral and ion-neutral collisions. Ahedo et al. provide a

set of approximations to these collisional rates as a function of the electron temperature Te, which are listed below.

Rion =

√

8Te

πme
σion

[

1 +
TeEion

(Te + Eion)
2

]

exp

(

−Eion

Te

)

(B.8)

Ren =

√

8Te

πme
σen (B.9)

Rei =

(

Te

1 eV

)−3/2

ln Λ · (9.2× 10−14 m3s−1) (B.10)

Rin = cin (k2 − k1 log10 cin)
2 (B.11)

where, in the case of argon gas, the constant parameters are given byEion = 15.76 eV, σion = 2.8 × 10−20

m2, σen = 15× 10−20 m2, k2 = 10.5× 10−10 m, and k1 = 1.67× 10−10 m. The paramter cin = |ui − un|
must be given in units of m/s. For scenarios of constante Te, most of these collisional rates will be constant as

well. Alternative correlations for these collisional rates have also been published by Gudmundsson ([55]) and are

presented at the end of Appendix C.

The corresponding set of equations for the ions are

miur

(

∂ur
∂r

)

= −e

(

∂φ

∂r

)

−minn

(

Rin +
νw
nn

)

ur (B.12)

miuz

(

∂uz
∂z

)

= −e

(

∂φ

∂z

)

−minn

(

Rin +
νw
nn

)

(uz − un) (B.13)

When applying the corresponding assumptions, the equation for the θ coordinate for the ions becomes degen-

erate and has been omitted from the previous set. The continuity equation has also been omitted as it is the same

as B.7.
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The set of equations for the neutrals take only the axial coordinate and the continuity equation,

un

(

∂un
∂z

)

= n

(

Rin +
νw
nn

)

(un − uz) (B.14)

∂

∂z
(nnun) = −nnnRion + nνw (B.15)

where the term involving neutral-electron collisions has been dropped in equation B.14 sincemn ≫ me and

the effects on the neutral inertia are negligible.

B.2.3. Radial Model

Derivation

Taking the radial component of the continuity equation B.7 and applying assumption 5 produces the expres-

sion

(

1

r

)

∂

∂r
(rnrur) = nrνw (B.16)

Adding equations B.4 and B.12 produces

ur

(

∂ur
∂r

)

= −u2B

[

∂(ln r)

∂r

]

−
(

eB0

mi

)

uθ +

(

me

mi

)(

u2θ
r

)

− nn (Rion +Rin)ur (B.17)

Equation B.5 produces

ur

(

∂uθ
∂r

)

=

(

eB0

me

)

ur − [nn (Ren +Rion) + nrRei]uθ −
uθur
r

(B.18)

When considering that ur(∂ur/∂r) ≪ u2θ/r and also that the effect electron-neutral collisional processes is

negligible when compared to the electrostatic, magnetic and pressure terms in the momentum equation, equation

B.4 becomes

e

(

∂φr

∂r

)

= Te
∂

∂r
[ln (nr)] + eB0uθ −

(

meu
2
θ

r

)

(B.19)

Equations B.17 through B.19 form the basis of the radial model.
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Rescaling

The radial model will now be rescaled using the auxiliary variables u′θ = uθ
√

me/mi, the Bohm velocity

uB =
√

Te/mi and the lower hybrid frequency ωlh = eB0/
√
mime.

Combining equations B.17 and B.19

ur

(

∂ur
∂r

)

= −
(

e

mi

)(

∂φr

∂r

)

− nn (Rin +Rion)ur (B.20)

Equation B.19 produces

(

e

mi

)(

∂φr

∂r

)

= u2B

[

∂ (lnnr)

∂r

]

+ ωlhu
′
θ −

u′θ
2

r
(B.21)

Equation B.18 produces

ur

(

∂u′θ
∂r

)

= ωlhur − [nn (Ren +Rion) + nrRei]u
′
θ −

(

u′θur
r

)

(B.22)

Combining equations B.16, B.21 and B.22 produces

[(

u2B
ur

)

− ur

](

∂ur
∂r

)

= ωlhu
′
θ + n (Rin +Rion)ur + νw

(

u2B
ur

)

−
(

1

r

)

(

u′θ
2
+ u2B

)

(B.23)

The previous four equations constitute the rescaled radial model.

Non-dimensional Model

The previous rescaled model will now be normalized through the following variable substitution: ω̂lh =

ωlh(R/uB), û′θ = u′θ/uB , ûr = ur/uB , r̂ = r/R, φ̂ = φ/Te, ν̂w = νwR/uB , and n̂ = n/nr0 with nr0

the reference on-axis plasma density.

Equation B.16 produces the non-dimensional expression for the radial continuity equation,

(

1

r̂

)

∂

∂r̂
(r̂n̂rûr) = n̂rν̂w (B.24)

Equation B.23 produces

[

1

ûr
− ûr

](

∂ûr
∂r̂

)

= ω̂lhûθ + ν̂iûr +

(

ν̂w
ûr

)

−
(

ûθ
2

r̂

)

− 1

r̂
(B.25)
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Equation B.22 produces

ûr

(

∂ûr
∂r̂

)

= ω̂lhûr − ν̂eûθ −
(

ûθûr
r̂

)

(B.26)

Equation B.21 produces

0 = −
[

∂ (ln n̂)

∂r̂

]

+
∂φ̂

∂r̂
− ω̂lhûθ +

u2θ
r̂

(B.27)

Equation B.20 produces

(

∂φ̂

∂r̂

)

= −
(

∂ûr
∂r̂

)

− ν̂iûr (B.28)

Equations B.24 through B.28 constitute the non-dimensional radial model. Boundary conditions for this

model express that the following parameters are null at the r̂ = 0 coordinate, ûr = ûθ = φ̂ = ln (n̂) = 0,

and the Bohm Sheath Criterion ûr(r̂ → 1) ≈ 1.

Asymptotical Model

Asymptotical expressions can be found for the case of highly magnetized cylindrical plasmas, where ω̂lh ≫ 1

and ν̂e, ν̂i ≈ O(1). The electron inertia terms can then be removed from the left side of equation B.27 and the

ambipolar potential term φ̂ can also be removed.

Equation B.27 produces then

0 = −
[

∂ (ln n̂r)

∂r̂

]

− ω̂lhûθ (B.29)

Equation B.26 produces then

ûr =

(

ν̂e
ω̂lh

)

ûθ (B.30)

Combining equations B.24, B.29 and B.30 prduces the expression

(

∂2n̂r

∂r̂2

)

+

(

1

r̂

)(

∂n̂r

∂r̂

)

+ a20n̂r = 0 (B.31)
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where a20 = (ν̂w/ν̂e)ω̂lh
2. This is a Bessel equation, with the following solution

n̂r = J0 (aor̂) (B.32)

where J0 is the Bessel function of the first kind of order zero, and a0 ≈ 2.405 is the first zero of J0. Com-

bining equations B.32 and B.29, and applying the recursive properties of Bessel functions and their derivatives, the

following expression can be obtained

ûθ =
a0
ω̂lh

[

J1 (a0r̂)

J0 (a0r̂)

]

(B.33)

Equations B.32, B.33 and B.30 constitute the asymptotic radial model for magnetized plasmas, providing ex-

pressions for the parameters n̂, ûθ and ûr.

B.2.4. Axial Model

Derivation

Combining equations B.7 and B.15 and projecting it onto the axial coordinate, the following expression is ob-

tained

∂

∂z
(nzuz + nnun) = 0 (B.34)

Integrating along the axial coordinate, an expression is found for the axial flow of heavy particles

nzuz + nnun = g0 (B.35)

where g0 = ṁ/(miπR
2) is the axial flow of heavy particles (ions or neutrals) through the cylindrical cross-

section of the system.

Projecting equation B.7 into the axial coordinate produces

∂

∂z
= nz (nnRion − νw) (B.36)

Adding equations B.6 and B.13, the following expression can be obtained

uz

(

∂uz
∂z

)

= −u2B
∂

∂z
[ln (nz)]− nn (Rin +Rion) (uz − un) (B.37)
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Projecting equation B.14 into the axial coordinate (where nr = 1) produces

un

(

∂un
∂z

)

= −nz

[

Rin (un − uz) +

(

νw
nn

)

un (1− αw)

]

(B.38)

where αwun is the effective axial velocity of the neutrals created from recombination processes at the system

boundary wall.

Substracting equation B.13 from equation B.6, applying assumption 5 and takingme/mi ≪ 1 produces

Te
∂

∂z
[ln (nz)] = e

(

∂φz

∂z

)

(B.39)

Multiplying equation B.37 by the term uz and combining with equation B.36 produces

(

u2B − u2z
)

(

∂uz
∂z

)

= nnuz (Rin +Rion) (uz − un) + u2B (nnRion − νw) (B.40)

Now, multiplying equation B.37 by the term nz produces

(

u2B − u2z
)

(

∂nz

∂z

)

= −nz [uz (nnRion − νw) + nn (Rin +Rion) (uz − un)] (B.41)

Equation B.38 produces

nnun

(

∂un
∂z

)

= nz [unνw (αw − 1) + (uz − un)nnRin] (B.42)

Equations B.39 throughB.42 form the basis of theAxialmodel. Boundary conditions for thismodel are defined

at the upstream (closed) and downstream (open) ends of the cylindrical analysis domain: un,us = un0, uz,us =

−uB , uz,ds = uB .

Non-dimensional Model

The Axial model will be normalized using the following variable substitutions: ẑ = z/L, n̂z = nz/n0, n̂n =

nn/nn0, ûz = uz/uB , ûn = un/un0, ν̂w = νwR/uB , and by introducing the terms L⋆ = uB/(Rionnn0)

as the effective ionization mean free path, n0 = g0/uB as the reference plasma density and nn0 = g0/un0 as the

reference neutral density.

Equation B.40 then produces the normalized expression

(

1− ûz
2
)

(

∂ûz
∂ẑ

)

=

(

L

L⋆

)[

n̂nûz

(

Rin

Rion
+ 1

)(

ûz −
un0ûn
uB

)

+ n̂n

]

−
(

L

R

)

ν̂w (B.43)
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Equation B.41 produces the expression

(

1− ûz
2
)

(

∂n̂z

∂ẑ

)

= −
(

L

L⋆

)

n̂nn̂z

[

ûz +

(

ûz −
un0ûn
uB

)(

Rin

Rion
+ 1

)]

+

(

L

R

)

n̂z ν̂wûz (B.44)

Equation B.42 produces the expression

n̂nûn

(

∂ûn
∂ẑ

)

= n̂z

[

n̂n

(

LuBn0

L⋆nn0un0

)(

ûz −
un0ûn
uB

)(

Rin

Rion

)

+ ûnν̂w (αw − 1)

(

Ln0

Rnn0

)]

(B.45)

Equation B.35 produces the expression

n̂n = 1− n̂zûz (B.46)

The normalized Axial model is constituted by equations B.43 to B.46.

Asymptotical Model

The asymptotical model is based on the assumption that Te and B0 are large enough that the following rela-

tionships are valid: νw/(nnRion) ≪ 1, Rin,s/Rion ≪ un0/uB ≪ 1, αw = 1 and ν̂w → 0. The process of

constructing the asymptotical axial model requires two succesive variable substitutions. The first auxiliary variable

ζ is defined through the expression

∂ẑ

∂ζ
= 1− ûz

2 (B.47)

Equation B.43 then produces

∂ûz
∂ζ

=

(

L

L⋆

)

n̂n

(

ûz
2 + 1

)

(B.48)

Equation B.44 produces

∂n̂z

∂ζ
= −2

(

L

L⋆

)

n̂nn̂zûz (B.49)

Equation B.45 is reduced to the expression ∂ûn/∂ẑ = 0, which implies ûn ≡ 1.

Equation B.46 produces the expression
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n̂n = 1− n̂zûz (B.50)

The second variable substitution relies on the auxiliary variable ξ defined through the expression

∂ξ

∂ζ
=

(

L

L⋆

)

n̂n (B.51)

Equation B.48 then produces the expression

ûz = tan ξ (B.52)

Combining equation B.49 with the boundary condition uz,ds = uB at the downstream boundary produces

the expression

n̂z = 2ηu cos
2 (ξ) (B.53)

where the parameter ηu = nz,ds/n0 is analog to the propellant utilization defined for electric plasma thrusters.

Equation B.46 produces

n̂n = 1− ηu sin (2ξ) (B.54)

The expression for the axial coordinate ẑ is obtained from expanding the expression for the chain rule including

both variable substitutions, ∂ẑ/∂ξ = (∂ẑ/∂ζ)(∂ζ/∂ξ). This produces the expression

∂ẑ

∂ξ
=

(

L⋆

L

)[

1− tan2 (ξ)

1− ηu sin (2ξ)

]

(B.55)

The left side of the previous equation can be integrated in the interval ẑ ∈ [−1, ẑ], while the right side is

integrated within the interval ξ ∈ [−π/4, ξ]. This produces the expression

z + L

L⋆
=

∫ ξ

−π
4

[

1− tan2 (ξ′)

1− ηu sin (2ξ′)

]

dξ′ (B.56)

Theparameterηu canbe obtained implicitly by considering the conditions at the downstreamboundary, where

z = 0 and ξ = π/4. Equations B.52 through B.54, plus equation B.56 constitute the asymptotic axial model for

magnetized cylindrical plasmas.

The algorithm for the solution of the axial model can be summarized in the following steps,
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1. From the input parameters Te, L,mi,me, Rion, nn0, g0 the value ofL/L⋆ can be obtained.

2. Considering the conditions at the downstream boundary, equation B.56 implicitly defines ηu.

3. Equation B.56 can now be used to define the mapping ξ(ẑ).

4. Equations B.52 through B.54 can be used to obtain ûz, n̂z, n̂n.

B.2.5. Vector Calculus Formulas

The Material or Convective Derivative in Cylindrical Coordinates

Theconvective derivative of a vector-valued functionu = [ur(r, θ, z, t)]êr+[uθ(r, θ, z, t)]êθ+[uz(r, θ, z, t)]êz

can be calculated in cylindrical coordinates as follows,

[

∂u

∂t
+ (u · ∇)u

]

=
∂u

∂t
+

∂u

∂r

∂r

∂t
+

∂u

∂θ

∂θ

∂t
+

∂u

∂z

∂z

∂t
(B.57)

where the first term on the right side of the equation does not require the derivation of the corresponding unit

vectors, as it is computed at a fixed spatial location. That means,

∂u

∂t
=

∂ur
∂t

êr +
∂uθ
∂t

êθ +
∂uz
∂t

êz (B.58)

The remaining terms in the right side of equation B.57 do need to contemplate the spatial derivatives of the

unit vectors. The second term can then be simplified as,

∂u

∂r

∂r

∂t
= ur

[

∂ur
∂r

êr +
∂uθ
∂r

êθ +
∂uz
∂ur

êz

]

(B.59)

The third term in the right side of equation B.57 produces the expression

∂u

∂θ

∂θ

∂t
=

uθ
r

[(

∂ur
∂θ

− uθ

)

êr +

(

ur +
∂uθ
∂θ

)

êθ +
∂uz
∂θ

êz

]

(B.60)

The fourth term in the right side of equation B.57 produces the expression

∂u

∂z

∂z

∂t
= uz

[

∂ur
∂z

êz +
∂uθ
∂z

êθ +
∂uz
∂z

êz

]

(B.61)

Finally, substituting equations B.58, B.59, B.60 and B.61 in equation B.57 produces the final expression for the

convective derivative of the function u in cylindrical coordinates,
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[

∂u

∂t
+ (u · ∇)u

]

=

[

∂ur
∂t

+ ur
∂ur
∂r

+
uθ
r

∂ur
∂θ

− u2θ
r

+ uz
∂ur
∂z

]

êr +

[

∂uθ
∂t

+ ur
∂uθ
∂r

+
uθ
r

∂uθ
∂θ

+
uθur
r

+ uz
∂uθ
∂z

]

êθ +

[

∂uz
∂t

+ ur
∂uz
∂r

+
uθ
r

∂uz
∂θ

+ uz
∂uz
∂z

]

êz (B.62)

114



Appendix C

Modeling of Power Balance within

Magnetized Cylindrical Plasmas

C.1. Introduction

Aderivation of the expressions for the power balance for cylindricalmagnetized plasmas, adapted for the partic-

ular scenario of helicon plasma sources, is presented in thisAppendix. Thismodel is based upon thework byAhedo

et al. ([3]) and Vidal et al. ([113]), and complements the 2D model for cylindrical magnetized plasmas presented in

Appendix B.

C.2. Derivation

The power balance expression can be obtained from the expression for the conservation of momentum for all

plasma species. Vidal et al. ([113]) presents it as

∂

∂t
(njεj) +∇ · [(εj + Tj)Γj ] = −∇ ·Qj + qjΓj ·E+ Sj − njθj (C.1)

where the subindexes j = {i, e, n} correspond to ions, electrons and neutrals. nj is the particle density of

species j; εj = (3/2)Tj +(1/2)mju
2
j is the mean energy per particle of species j; Tj is the temperature of species

j in energy units;mj and uj are, correspondingly, the mass andmean scalar velocity of species j;Γj = njuj is the

particle flux of species j;Qj is the heat flux or particle j; E is the electric field; Sj is the external input power per

unit volume absorbed by species j; and θj is the power dissipated by species j through collisional processes.

A series of assumptions cannowbe applied,matching thosepresented in thederivationof the cylindrical plasma

models of Appendix B.

The analysis is done in steady state conditions, therefore (∂/∂t) = 0.
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The cold plasma approximation is applied, therefore Ti ≈ 0.

The electron temperature is assumed constant, Te ≈ constant. This impliesQj = 0.

The previous set of assumptions eliminate the time-dependent term from the left side of equation C.1, and the

first term of its right side. The remaining terms can be re-arranged in order to produce the following expression

presented by Ahedo et al. ([3])

∇ · Ṗ = j ·E+ Ṗin − Ṗion (C.2)

where the term Ṗin =
∑

j

Sj is the total external power input to the system per unit volume.

The vector term Ṗj combines the internal, kinetic and pressure energy terms and has units of power per unit

area,

Pj =
∑

j

[(

3Tj

2
+

mju
2
j

2
+ Tj

)

njuj

]

(C.3)

In the previous equation, the expressions corresponding to ions and neutrals will not present the terms includ-

ing the temperature Tj . All these expressions will have components in the three cylindrical coordinates (r, θ, z).

The fist term on the right side of equation C.2 can be substituted using the following expression stating the

fact that no external electric field is applied to the plasma, and that there are no current sources within the system

(∇ · j = 0),

∇ · (φj) = φ∇ · j+ j · ∇φ = −j ·E (C.4)

The third term of the right side equation C.2 expresses the contribution of all collisional interactions, includ-

ing ionization and excitation processes. It can be expressed through the ionization rate of reaction Rion and the

collisional energy per ion-electron pair createdE′
ion, a termwhich will be detailed in the next section of the present

Appendix.

Ṗion = E′
ionnnnRion = ∇ ·

(

E′
ionnui

)

(C.5)

Combining the vector derivatives of expressions C.4 and C.5, the expression from equation C.2 becomes

∇ ·
[

Ṗ+ E′
ionnui + φj

]

= Ṗin (C.6)

Integrating this expression over the whole volume of the system and applying Gauss’s Divergence Theorem,
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the proper Power Balance Criterion is obtained

Pion + Pwall + Pbeam = Pin (C.7)

where each term corresponds to a surface integral describing the flux of energy through the system boundaries

due to the different terms involved.

The term Pion combines all the contributions from collisional, excitation and ionization processes and can be

estimated as

Pion = E′
ion

(

ṁiT

mi

)

(C.8)

where ṁiT is the total ion mass flow through the boundaries of the system. In the present case of a cylindrical

magnetized plasma it can be calculated through the expression ṁiT = ṁus + ṁds + ṁwall where the terms on

the right side correspond to the mass fluxes through the upstream (“us”) and downstream (“ds”) boundaries and

the “wall” term correponds to the mass flux through the inner surface of the cylindrical boundary. miT can then

be calculated through the following expression

ṁiT = miπR
2uBnus +miπR

2uBnds +mi(2πRuB)

∫ 0

−L
n(R, z)dz (C.9)

whereuB =
√

Te/mi is the ionBohmvelocity;nus andnds are themean plasma densities along the upstream

and downstream boundaries of the system; and nR,z is the plasma density along the sheath edge on the plasma-

facing surface of the cylindrical boundary.

The mean plasma densities along the upstream and downstream system boundaries can be estimated through

surface integrals at these locations applied to the expressions derived in the 2Dcylindricalmagnetized plasmamodel.

The mean plasma density at the upstream boundary can be obtained from

nus =

(

1

πR2

)∫∫

us
n(r,−L)rdrdθ =

(

2

R2

)∫ R

0

nr(r)nz(−L)n0rdr (C.10)

wherenr(r) is the normalized radial density from theRadialmodel,nz(z) is the normalized axial density from

the Axial model and n0 is the reference plasma density; all of these terms have been described in Appendix B. In a

similar approach, the mean plasma density through the downstream boundary can be described by

nds =

(

1

πR2

)∫∫

ds
n(r, 0)rdrdθ =

(

2

R2

)∫ R

0

nr(r)nz(0)n0rdr (C.11)

The term Pwall from equation C.7 combines the contributions of the flux of particle energy through the up-
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stream and cylindrical boundaries of the system (its “walls”). It can be calculated from the expression

Pwall = 2πR

∫ 0

−L
Ṗ(R, z) · êrdz − 2π

∫ R

0

Ṗ(r,−L) · êzrdr (C.12)

where êr and êz are the unit vectors from the cylindrical coordinate system. The second term from the right

side in the previous expression has a negative sign, since the particle flux through the upstream boundary has the

opposite direction from êz .

The termPbeam is obtained in a very similar approach toPwall, analyzing the flux of particle energies through

the downstream open end of the system,

Pbeam = 2π

∫ R

0

Ṗ(r, 0) · êzrdr (C.13)

C.3. The term E
′
ion

The calculation of the termPion in the power balance expression relies on the termE′
ion, defined as the energy

dissipated by collisional, excitation and ionization processes per electron-ion pair created. This term is very specific

to the particular species under analysis. The expressions presented here are those corresponding to singly-ionized

argon plasmas.

The derivation of the power balance criterion presented by Ahedo et al. ([3]) suggests the used of an expres-

sion fitted to the data published by Dugan ([46]). The following description is based on the more recent work by

Gudmundsson ([55]), as suggested by Lieberman and Lichtenberg ([71]).

TheGudmundssonmodel is basedon collision rate data for argon ions at the lowelectron temperatures relevant

for typical heliconplasma sources (1 eV< Te < 10 eV).These later authors define this term as the collisional energy

lost per ion-electron pair createdE′
ion = εc, and define it as

εc = εiz +
∑

j

εex,j
kex,j
kiz

+
kel
kiz

3me

mi
Te (C.14)

where εiz is the ionization energy for singly-charged ions (εiz ≈ 15.76 eV for Ar+ ions), εex,j and kex,j

are respectively the threshold energies and rate coefficients for the different excitation processes (represented by the

subindex j), kiz is the ionization rate coefficient, andkel is the rate coefficient for elastic collisions between electrons

and ions.

Gudmundsson compiles rate coefficients for different types of excitation reactions. The corresponding values

and formulas for the terms εex,j and kex,j for each one of them are presented in Table C.1.
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Table C.1: Threshold energies εex,j and rate coefficients kex,j corresponding to the excitation transitions of argon
atoms. Obtained from the compilation published by Gudmundsson ([55]).

Final State εex,j (eV) kex,j (m
3/s)

3P2 11.5 5.02× 10−15 exp(−12.64/Te)
3P1 11.6 1.91× 10−15 exp(−12.60/Te)
3P0 11.7 1.35× 10−15 exp(−12.42/Te)
1P1 11.8 2.72× 10−16 exp(−12.14/Te)
4p 13.2 2.12× 10−14 exp(−13.13/Te)
4s, 4s′ 11.8 1.45× 10−14 exp(−12.96/Te)

5s, 3d, 5s′, 3d′ 14.2 1.22× 10−14 exp(−17.80/Te)

4d, 6s, 4d, 4d′, 6s′5d, 7s, 5d 15.0 7.98× 10−15 exp(−19.05/Te)
Higher states 15.5 8.29× 10−15 exp(−18.14/Te)

The ionization rate coefficient can be obtained from the expression

kiz = (2.9× 10−14)Te
0.50 exp(−17.8/Te) (C.15)

for the temperature range 1 eV< Te < 10 eV. Finally, the rate coefficient for elastic collisions can be found

from

ln(kel) = −31.3879 + 1.6090 ln(Te) + 0.0618[ln(Te)]
2 − 0.1171[ln(Te)]

3 (C.16)
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Appendix D

Python Scripts

This Appendix contains the Python scripts used to implement the simulations discussed in chapter 4.

D.1. Description of the software implementation

The models discussed in chapter 4 of this thesis have been implemented as scripts in the Python1, using the

numerical libraries NumPy2 and SciPy3.

The scripts producedbelong to three different categories: class definitions, parameter sets and execution scripts.

The definition of these categories and the list of scripts is detailed in Table D.1. The execution scripts are the only

programs designed to be directly invoked by the user.

1https://www.python.org
2https://numpy.org
3https://scipy.org
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Table D.1: List of the Python scripts designed to implement the simulations from chapters 4 and 5.

Category Script Name Description

Class Definition AhedoOOP.py Definition of classes related to the 2D cylindrical magnetized plasma
model by Ahedo et al. ([2, 3]). It also includesmethods for the power
balance simulation for the helicon plasma source.

SheathsOOP.py Definition of classes related to the plasma sheathmodels described by
Lieberman and Lichtenberg ([71]).

EcksteinSputteringOOP.pdf Definition of classes related to the sputtering models described by
Eckstein et al. [48].

Parameter Set HeliconParSets.py Sets of experimental parameters from helicon plasma sources to be
used with AhedoOOP.py.

SputteringPars.py Sets of experimental parameters and fitting coefficients to be used in
conjunction with EcksteinSputteringOOP.py. Fitting coefficients ob-
tained from Behrisch et al. ([9]).

Execution Script helicon tests.py Utility procedural script implementing unit tests of the radial, axial
and power balance models from AhedoOOP.py and sputtering simu-
lations from EcksteinSputteringOOP.py.

HeliconErosionSim.py Main simulation routine used to create the data sets plotted in section
4.3.

HeliconPowerBalance.py Main simulation routine used to create the power balance results
shown in section 5.3.
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Plasma-Surface Interactions Within
Helicon Plasma Sources
Juan I. Del Valle 1,2*, Franklin R. Chang Diaz 1 and Víctor H. Granados 2,3
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Helicon plasma sources do not require electrodes or grids directly immersed in the plasma,

and also present an axial magnetic field confining the plasma discharge. These factors are

believed to provide them with long operational lifetimes because of the reduced potential

for surface etching. The physics of helicon waves, cylindrical magnetized plasmas,

sheaths, and plasma-surface interactions are discussed in the context of this claim.

Practical implementation aspects are also reviewed, along with relevant experimental

results. It is shown that understanding the distribution of ion density within the source, the

presence of induced potentials in its surfaces, and the physics of low-energy sputtering

reactions is essential to properly model erosion phenomena within helicons, and

consequently predict their performance in practical applications.

Keywords: helicon plasma, surface, erosion, sputtering, interactions

1 INTRODUCTION

Helicon plasma sources (HPS) have attracted attention in recent decades because of their ability to
produce high-density plasmas at low or moderate power levels and magnetic field intensities. For
example, electron densities of more than 1012 cm−3 can be produced on helicon plasma sources

operating at input power levels of around 1 kWe [1]. These properties make them suitable for
practical applications in several fields. Within the research of plasma-material interactions at fusion-
relevant conditions, HPSs have been used as a part of test facilities where candidate wall materials are
subjected to the typical operating conditions in projected fusion devices [2, 3], up to heat flux levels
exceeding 20 MW/m2 [4]. Helicons have also been used in the plasma-processing of commercial
materials and products [5, 6]. Within the field of electric space propulsion, helicon plasma thrusters
have been actively developed in recent years [7–11]; helicons are also essential components of more
advanced electric propulsion systems such as the VASIMR engine [12]. Figure 1 shows some
examples of devices based on helicon plasma sources.

Another key feature of HPSs is that they typically do not have electrodes or cathodes in direct
contact with the plasma, but rely instead on external radio frequency (RF) systems to launch and

couple the corresponding waves within the medium and excite the discharge. This differs from other
common plasma sources such as glow or DC discharges, where the plasma risks contamination from
the release of electrode material or the source may fail if this element erodes sufficiently. Avoiding
direct contact between the plasma and such elements is particularly useful where a long operating
lifetime is desired for the plasma source, either because long duty cycles will be required in the
application (as in commercial plasma-processing devices), high power densities are required (as in
linear devices used for the research of suitable materials for fusion-relevant conditions), or because
these previous conditions combine with the impossibility to access the device in the case of
component failure (as in electric space thrusters).
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Despite this advantage particular to the discharge excitation

mechanism, practical implementations of HPSs do contain other
confinement surfaces which are in direct contact with the plasma.
The performance of helicon sources depends on the specific
properties of these surfaces as well, and their ability to
withstand the conditions they are subjected to throughout the
operating lifetime of the source. These issues are therefore also
important when considering the long-term viability of helicon
plasma sources in their intended applications, and are the subject
of the present review.

This article is structured as follows. Section 2 discusses the
physics behind helicon plasma waves and recent results on the

modeling of cylindrical magnetized plasmas. Section 3 then
reviews the theory of plasma-surface interactions as it applies
to helicon plasma sources. Section 4 describes practical aspects of
helicon plasma source design and implementation, as they relate
to the plasma-surface interaction phenomena. Finally, section 5

summarizes this review’s findings and offers perspectives for the
advancement of the research and design of reliable, robust helicon
plasma sources with long operational lifespans.

2 PHYSICS OF HELICON PLASMA
SOURCES

2.1 Helicon Plasma Waves
Helicon waves are a category of right-hand polarized (RHP)
plasma waves which propagate along DC magnetic fields in
bounded systems. They are related to so-called whistler waves,
which have been studied in atmospheric physics since the early
twentieth century. Whistlers and helicon waves belong to the
group of right-hand polarized (RHP) waves propagating parallel

to a magnetic field, in the frequency range ωci ≪ ω ≪ ωce (where
ωci is the ion cyclotron frequency and ωce is the electron cyclotron
frequency), together with electron cyclotron waves. Figure 2

shows the location of whistlers and helicon plasma waves
within a ω-k diagram representing RHP cold plasma waves.

A historical perspective for the first twenty years of helicon
research has been given by Chen and Boswell [13, 14]. The
following twenty-year period has been covered in more recent
reviews by Chen [15] and Shinohara [1]. Theoretical treatments
of the physics behind helicon waves have been produced, among

FIGURE 1 | Examples of applications of Helicon Plasma Sources. (A) The Proto-MPEX linear device for the study of plasma-material interactions at fusion-relevant

conditions [3]. Courtesy of Oak Ridge National Laboratory, U.S. Dept. of Energy. (B) The VX-CR research helicon plasma source [61]. Courtesy of Ad Astra Rocket

Company Costa Rica, Liberia, Costa Rica. (C) The VASIMR VX-200SS high-power propulsion engine [12]. Courtesy of Ad Astra Rocket Company, Webster, TX,

United States.
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others, by Klozenberg et al. [16], Chen [17], and Chen and

Arnush [18, 19].
A basic dispersion relation can be obtained for helicon plasma

waves from simplifying the Appleton-Hartree expression for
quasi-longitudinal right-handed cold plasma waves [20, 21],
propagating at an angle θ from an axial, static magnetic
field B � B0êz,

β � ω

k

n0eμ0
B0

(1)

where β2 � k2 + k2
⊥
is the total wave number, k = β cos θ and k⊥

are the parallel and perpendicular components of the wave
number, and n0 is the plasma density. This expression, despite

being a simplification, provides an intuitive insight on the
relationship between the magnetic field B0, the density n0, the
wave frequency ω, and the wave number β, and can be used as a
starting point when designing or analyzing a HPS.

A more detailed description of helicon waves can be obtained
from Maxwell’s equations by neglecting ion motions and the
displacement current, as originally shown by Klozenberg et al.
[16]. When the effects of electron inertia are retained within the
analysis [14, 18, 22] two solutions are obtained for the dispersion
relation,

β1,2 �
k

2δ
1 ∓ 1 − 4δk2ω

k2
( )1/2⎡⎣ ⎤⎦ (2)

where δ = ω/ωce is the ratio between the wave frequency and the
electron cyclotron frequency ωce = eB0/me, and k2ω � ωω2

p/ωcc
2 �

ωn0eμ0/B0 ≡ αk is the wavenumber for low-frequency whistler
waves along B0 in free space, with α = β the wave number
previously described in Eq. 1. ωp is the electron plasma

frequency at density n0. δ is neglected when the effects of the
electron mass are omitted or for frequencies ω ≪ ωce.

Eq. 2 describes two solutions for the wave dispersion relation,
which can be simplified as shown in Eq. 3.

β1,2 ≈
k

2δ
1 ∓ 1 − 2δk2ω

k2
( )[ ] ≈

k2ω/k
k/δ{ (3)

Solution β1 corresponds to the zero electron mass limit, and
describes the helicon wave (“H”) from Eq. 1. The second solution
β2 = β2 cos θωce/ω describes a wave with frequency ω = ωce cos θ,
which is an electron cyclotron wave propagating at an angle to the

magnetic field. This is the Trivelpiece-Gould mode (“TG”), first
described in bounded systems by Trivelpiece and Gould [23]. The
TG mode co-exists with the H mode, and becomes relevant at
lower values of B0. The TGmode is thought to play a relevant role
in the damping mechanism of helicon plasma sources and to
contribute to its high ionization efficiency via mode-conversion
processes [24].

Eq. 3 describes the dispersion relation for both the H-mode
and the TGmode. Expressions for the magnetic and electric fields
(B, E) have been derived for different geometries as described in
the early works on helicons [16, 25] as well as in more recent

literature [14, 17, 22]. These expressions depend as well on the
boundary conditions chosen for the analysis and on whether
these boundaries are modelled as conductors or not [18].
Practical implementations of HPSs are typically linear devices
implemented as cylindrical enclosures made of dielectric
materials, as will be described in section 4.

The expressions obtained from Eqs. 1, 3, as well as the detailed
derivations of the B and E fields that can be obtained for a
particular configuration and geometry, can be used as an initial
approximation to understand the regimes of H and TG modes
that can be propagated in a given configuration, and establish a

baseline estimation of the expected density distribution in a given
HPS device.

One particular advantage of HPSs stemming from the
fundamental physics of helicon waves is the ability of these
devices to couple RF waves at the core of dense plasmas,
enabled by the presence of the axial magnetic field and the
propagation of the H-mode. This fact presents an advantage
over other types of plasma sources, such as inductively-coupled
plasmas (ICPs) where the penetration of RF waves into the
plasma is limited by its skin-depth, or electron-cyclotron
sources (ECR), where microwaves cannot propagate below the

O-mode cutoff frequency (the electron plasma frequency ωpe).
An investigation on the mechanisms which enable the

initiation of the high-density helicon mode (the H-mode),
based on modeling and experimental work, has been carried
out by Carter et al. [26], including indirect evidence of the
deposition of RF power at the high-density core in a helicon
plasma source.

2.2 Cylindrical Magnetized Plasmas
Section 2.1 described helicon plasma waves and derived their
dispersion relation in various scenarios. The general behavior of
magnetized plasmas in cylindrical geometries will now be

FIGURE 2 | Location of whistlers and helicon plasma waves, among

cold plasma waves propagating parallel to the externally-applied

magnetic field.
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analyzed, which is relevant to the characterization of practical
HPSs as described in section 4.

The problem of describing the bulk behavior of a plasma
discharge has been addressed since the early stages of the
development of plasma physics. In the classical paper by Tonks
and Langmuir [27], expressions were derived for the distribution of

the electric potential in an arc discharge, for various geometries
including cylindrical coordinates. Scenarios were analyzed for
different regimes of ion collisionality and ionization rates. This
work also contains a treatment of the plasma-material boundary at
the edge of the plasma discharge, pointing to the discontinuity of
the bulk model within the plasma sheath.

In a later paper, Tonks [28] studied the effects of themagnetic field
in an arc plasma. One of the cases described was the positive column
plasma immersed within a longitudinal magnetic field, the same
typical configuration applied nowadays to most helicon plasma
sources. A radial model is developed based on classical diffusion

theory. More recent models for cylindrical magnetized plasmas have
been developed by Fruchtman et al. [29] and Sternberg et al. [30].
These works introduced the use of 2D fluid models in cylindrical
coordinates (with the assumption of azimuthal symmetry), the
separation of variables in order to decouple the expressions for the
radial and axial coordinates, and the analysis of different degrees of
magnetization. Differences between these authors rely on the
assumptions chosen to simplify their models. The previous works
were further adapted and extended by Ahedo et al. [31, 32], who
developed a 2D model for cylindrical magnetized plasmas as part of
their work on describing the plasma dynamics within helicon plasma

thrusters. The properties of these models have been summarized in
Table 1.

These descriptions of cylindricalmagnetized plasmas can be used to
approximate the distribution of key parameters within the discharge,
such as the density distribution, the velocity of ions and electrons, and
the plasma potential. As an example, the completemodel developed by
Ahedo et al. [31, 32] is described by a set of four radial equations and
five more for the axial dimension. These take as inputs information
regarding the ion species taking part in the discharge, collisional rates
related to the ionization and interactions between ions, electrons and
neutrals, and constant parameters such as the magnitude of the axial

magnetic field B0 and the isothermal electron temperature Te.
The dispersion relations found for helicon plasma waves in

section 2.1 can be used to obtain reference values for parameters
such as the peak density value in the discharge. This information

can be coupled with the description obtained from a 2D fluid
model in order to project the distribution of plasma density,
kinetic energy, and plasma potential throughout the discharge.

Understanding the values of these parameters at the boundaries
of the system, where the plasma comes into contact with solid
materials, is essential to describe the interaction phenomena
taking place in this region. Figure 3 shows an example of the
models from Refs. [31, 32] being used to estimate the 2D plasma
distribution within a particular HPS, the VX-CR device. Data
from these models can be used to obtain the plasma conditions at
the radial (r → R) and axial (z → − L) boundaries, which then
enable the analysis of the interaction between the plasma
discharges and the physical confinement materials.

3 PLASMA-SURFACE PHENOMENA IN HPS

Solid materials often constitute the physical boundaries of plasmas,
and the interaction between the surface atoms and the bulk plasma

TABLE 1 | Relevant models developed for cylindrical magnetized plasmas which are applicable to the study of Helicon Plasma Sources.

References Tonks

[28]

Ewald et al.

[90]

Fruchtman et al.

[29]

Sternberg et al.

[30]

Ahedo et al.

[32]

Dimensionality 1D 1D 2D 1D 2D

Symmetry Azimuthal, Longitudinal Azimuthal, Longitudinal Azimuthal Azimuthal, Longitudinal Azimuthal

Inertia

Electrons N/A No No No Yes, except longitudinal

Ions N/A Yes Yes Yes Yes

Quasineutrality Yes Yes Yes Yes Yes, except within sheath

Isothermality

Electrons Yes Yes Yes Yes Yes

Ions Yes Yes, Ti ≈ Tn Yes, Ti = 0 Yes, Ti = 0 Yes, Ti ≪ Te

FIGURE 3 | Estimation of 2D plasma density distribution in the VX-CR

research HPS, obtained through themodel developed by Ahedo et al. [31, 32].

Geometry and plasma parameters were obtained from [61, 88, 91]. Density

values are normalized with respect to the background neutral Argon

density, nn0 ≈ 2 × 1020 m−3. The VX-CR source is composed of a dielectric

ceramic tube with R = 0.045 m and L = 0.226 m.

Frontiers in Physics | www.frontiersin.org April 2022 | Volume 10 | Article 8562214

Del Valle et al. PSI in Helicon Plasma Sources



can have a significant effect on the behaviour of the latter. In the case of
typical HPSs, the dielectric containment surfaces are the only regions
of direct interaction between the plasma andmaterial surfaces. This is
a particular advantage over other plasma generation technologies in
which electrodes or cathodes have to be immersed within the plasma
discharge, as they constitute additional regions of potential failure
limiting the operational lifetime of the device. It is therefore relevant to
understand the fundamental principles behind the most typical
plasma-surface interactions within HPSs, in order to characterize

them and to design strategies for their control or mitigation.

3.1 Plasma Sheaths
3.1.1 DC Sheaths
Sheath is the region near a material boundary in contact with a
plasma where the bulk quasineutrality breaks due to the buildup

of charge at the surface. In low-temperature plasmas, such as
those typically found in HPSs, the more mobile electrons produce
a negative charge at the surface and, therefore, a positive sheath
where the ion density is larger than the electron density, ni > ne.

Sheaths typically have a scale in the order of the Debye length,
λD � (ϵ0Te/en0)1/2. Sheaths have been studied since the early days
of plasma physics, with the term originally coined by Irving
Langmuir [33].

The process by which the quasineutrality in the bulk plasma
transitions into the sheath is gradual, and three distinct regions
can be identified as shown in Figure 4. The quasineutral
density within the bulk plasma (ni = ne = n0) begins to
decrease in the vicinity of the boundary, in a region called
the pre-sheath where the bulk density and the plasma potential
both decrease. The scale of the pre-sheath is of the order of the

ion mean free path (λi). The plasma then enters the sheath
proper, at which point the quasineutrality does break and the
electron density diminishes at a much faster rate than the ion
density. The plasma potential decreases until reaching the wall
potential, which is typically lower than the bulk plasma
potential.

An important property of the transition from the plasma to
the sheath is the Bohm Sheath Criterion, which establishes a
condition on the minimum energy of the ions as they enter the
sheath. The derivation of this criterion is based upon the
assumptions of negligible ionization within the sheath itself,

negligible electric field at the plasma edge, Maxwellian
electrons with a density given by the Boltzmann relation, and
cold ions with constant temperature [34, 35]. Its expression is
provided by Eq. 4 and states that the energy of the ions within the
sheath is comparable to that of the electrons in the bulk plasma,
and that their thermal velocities surpass the Bohm
velocity u2B � (kBTe)/mi.

eV0 ≥
Te

2
0vi ≥ uB (4)

It is possible to find expressions for the potential obtained by

the surface wall due to the formation of the sheath. For the case of
collisionless sheaths, Eq. 5 describes the wall potential with
respect to the plasma potential at the sheath-presheath point
of transition for the case of floating surfaces immersed within the
plasma [35], a condition typical of certain types of probes as well
as the boundary surfaces of HPSs.

Φw � − kBTe

e
( )ln 






mi

2πme

√
(5)

This value is directly proportional to the electron temperature,
and a constant factor related to the ion/electron mass ratio. It is
also possible to obtain expressions for the approximate width of
the sheath, as well as expressions for these values when the sheath
is collisional or the material surface is biased with a particular

voltage [35].
The behavior of the plasma as it enters and traverses the sheath

is critical to the understanding of the phenomena occurring at the
boundary surfaces, as these depend on the energy of the ions and
electrons reaching it.

FIGURE 4 |Regions in the transition between the bulk plasma and a surface

in contact with a plasma, such as the inner confinement surfaces in a HPS or the

surface of an electrostatic probe immersed in the plasma. Graph (A) shows the

behavior of the electron and ion density, while graph (B) shows the electric

potential. The surface is located at x = 0. The bulk plasma region is located at x >

xps, where the plasma is quasineutral and its potential is the plasma potential Φp.

The presheath is the region xs < x < xps where both the plasma density and

potential decrease gradually as x→ xs. The sheath properly begins at the point x =

xs ≈ λDe, where the ions acquire the Bohm velocity ui � uB � −(kBTe/mi)1/2.
Quasineutrality is broken, the electron density quickly decreases to zero and the

potential drops gradually towards the wall potential Φw at x = 0.
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3.1.2 RF or Capacitive Sheaths
In devices where radiofrequency (RF) waves, plasmas, and
materials coexist, the RF wave field dominates the formation
and properties of the sheath near the boundary surfaces, allowing
the appearance of potentials that surpass those typical of DC
sheaths dominated by thermal effects. This phenomenon is
defined as an RF plasma sheath, and it presents specific
implications in the design of capacitive plasma sources, in
material processing applications and within RF subsystems in
fusion devices. An early treatise on this subject was presented by
Butler and Kino [36], and a more recent review on this topic has
been presented by Myra [37] with a particular emphasis on

magnetically confined fusion systems.
RF sheaths present several features not found in the previously

described DC sheaths. Plasmas interact with electrodes driven by
oscillating currents Irf, characterized by a frequency ωrf. The
sheaths created in the boundary region between the bulk plasma
and these electrodes have a time-varying thickness correlated to
the oscillation in the driving electrical parameters. Similar to the
DC case, quasineutrality breaks within the sheath with the
electron density becoming very low or even negligible.
Lieberman and Lichtenberg [35] show simplified models for
the case of simple, plane-parallel capacitive discharges, where

assumptions help to gain a better understanding on the
phenomena involved.

For idealized cases where the driving frequency is larger than
the ion plasma frequency, ω2

rf ≫ω2
pi, the ions react to the time-

averaged potentials in the bulk plasma and not to the driving RF
frequency. On the other hand, electrons do respond to the driving
RF current, given the particular condition ω2

pe ≫ω2
rf(1 + ]

2
m/ω

2
rf ),

with ]m being the electron-neutral collision frequency. The
current travelling through the RF sheaths is then mostly
displacement current produced by the time-varying electric
field (given the very low electron density within the sheaths),

unlike inside the bulk plasma where electrons react to the RF field
and are able to carry the current through conduction. The
analysis of an RF sheath depends on several factors, including
the geometry of the problem, whether collisions are present
within the sheath (when the ion mean free path, λi is smaller
than the sheath thickness), and the frequency applied by the RF
source. For the very high frequency (VHF) range, high (ne ≈

1017m−3) plasma densities can be achieved with moderate power
input, and this has been exploited in commercial devices used for
materials processing [22].

In the particular case where ωrf < ωi, with ωi = 2π/τi and τi
being the ion transit time through the sheath, the ions within the
sheath are able to respond to the time-varying RF field and a
low-frequency RF sheath is formed [35]. These differ from the
high-frequency case since current conduction through the
sheath is dominated by resistive effects and not by the
displacement of the time-varying electric potential. Besides,
the voltage at the capacitive electrodes becomes rectified
within portions of the RF cycle, losing its sinusoidal
character. In this low-frequency regime, ions react to the
sheath as in the case of a high-voltage DC sheath, and the
energy they obtain is a non-linear function of the time-varying
voltage within the RF cycle [35].

RF sheaths are relevant to HPSs since they are present in the
regions near the conductors of the antenna system used to
produce the helicon discharge, where the plasma reacts to the
time-varying field of the RF cycle. Despite the advantage

presented by the fact that the antenna can be located outside
of the discharge chamber, these RF sheaths are able to accelerate
ions traversing the RF sheath with energies that can surpass those
obtained in the boundary DC sheaths present in other regions
within the source. This fact has critical implications for the
subsequent analysis of plasma-material interactions within HPSs.

3.2 Plasma-Surface Interactions
Plasma-surface interactions (PSIs) or plasma-material interactions
(PMIs) comprehend the different phenomena that occur when
ions, electrons, and neutrals within a plasma reach a material

boundary. These interactions might produce effects on both the
plasma itself as well as on the boundary. PSIs are essential in the
field of plasma materials processing, and are also critical to the
successful development of practical fusion devices [38, 39], as most
designs include open magnetic flux surfaces where the plasma
directly impinges the physical boundaries. They are also crucial in
the advancement of electric propulsion technologies, where the
lifetime of the thrusters directly depends on the erosion rate of
those critical surfaces directly in contact with the plasma discharge
or the plume of the thruster [40, 41].

Several processes can occur at the physical boundaries of a

helicon plasma. Positive ions traversing the sheath typically
become neutralized, in a process that either produces an
excited neutral, or a neutral plus the emission of a secondary
electron (Auger emission [35]). Secondary electron emission has
been found to play a role in the sheath dynamics of certain types
of low-energy plasma discharges, such as capacitively-coupled
plasmas [42].

Another fundamental process is sputtering, the removal of
material from a solid surface material due to the impact of an
energetic impinging particle, typically ions in the case of plasma
discharges. It is one of the most relevant phenomena occurring at

the boundary surfaces of plasma discharges, since it can be
responsible for significant erosion of said surfaces if the
adequate conditions are met. Figure 5 depicts the basic
mechanisms behind the most relevant PSI phenomena
encountered in the study of HPSs.

Theoretical treatments of the phenomenon of sputtering are
provided by Sigmund [43], Bohdansky [44], Yamamura [45],
Eckstein [46], and Behrisch et al. [47]. Most models describe the
process as the result of collisional cascades in the surface layer of
the target material, in which the momentum of the impacting ion
is transferred to an atom in the target material’s lattice through

elastic collisions. The random arrangement of the position of
both particles implies that an oblique collision is likely. The
impacted target atom, in turn, collides with other neighboring
particles triggering the cascade. With sufficient energy in the
original impacting ion, eventually the collisional cascade will
provide one of the atoms in the surface layer with an energy
level surpassing the surface binding energy of the material [48],
and a momentum directed outside of the surface. The atom will
then be sputtered from the surface.
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Simulation of the sputtering process based on the first principles

from classical mechanics is possible, by using the technique of
Molecular Dynamics [49, 50]. Other popular simulation packages
are based on the Monte Carlo statistical method, such as TRIM. SP
[51] and SRIM [52]. Sputtering yield estimations obtained by the
use of these software packages are strongly dependent on the
chosen input parameters, and have been shown to differ from
experimental values in certain ranges [53].

The fundamental parameter in sputtering models is the
sputtering yield, Ysputt, defined as the number of surface atoms
sputtered off the surface per incident impacting ion. Ysputt is mainly
a function of the ion species and surface material, the ion energy,

and the angle of incidence between the surface normal and the ion’s
velocity vector. Below a particular threshold energy level, Ethr, ion
impacts are not able to sputter surface atoms and Ysputt = 0.

Several models have been developed to produce estimations for
the sputtering yield, each particular to the species involved in the
process, and the angle of incidence and energy E0. Lieberman and
Lichtenberg [35] report expressions valid for large atomic species
within certain boundaries of their atomic number ratio. Eckstein
and Preuss [46] proposed the model shown on Eq. 6, which is valid
for ions impacting the surface at a normal angle of incidence.

Y E0( ) � qsKrC
n E0( )

E0

Ethr
− 1( )μ

λ + E0

Ethr
− 1( )μ (6)

where the krypton-carbon interaction potential sKrC
n [46, 54] is

used as an adequate mean value for different participating species
and describes the nuclear stopping cross section. This parameter
is defined as follows,

sKrC
n ε( ) � 0.5 ln 1 + 1.228 8ε( )

ε + 0.172 8


ε

√
+ 0.008ε0.150 4

(7)

The reduced energy ε is obtained as follows,

ε � E0

Mt

Mi +Mt

aL

ZiZte2
(8)

where the subindexes i and t are used to describe the atomic
numbers Z and atomic masses M of the projectile ion and target
surface atoms, respectively. aL is the Lindhard screening
length [55],

aL �
9π2

128
( )1/3

aB Z2/3
i + Z2/3

t( )−1/2 (9)

where aB is the Bohr atomic radius.
The remaining free parameters q and λ from Eq. 6 can be

found in [47] for a variety of impacting ions, target materials, and
ion energies.

When ions impact on a boundary surface not in a
perpendicular direction, but instead at an angle α with respect
to the surface normal, the calculation of the sputtering yield needs
to take this geometry into account. Eckstein and Preuss [46]
proposed the formula in Eq. 10,

Y E0, α( ) � Y E0, 0( ) cos
α

α0

π

2
( )c[ ]{ }−f

exp b 1 − 1

cos α
α0

π
2

( )c[ ]⎛⎝ ⎞⎠⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ (10)

where

FIGURE 5 | Simplified diagram of the plasma-surface interaction phenomenamost relevant to the study of HPSs. The plasma sheath region is depicted at the top of

the diagram, while the top layers of the plasma-facing surface lattice are represented at its bottom, where the surface atoms are represented by solid circles. (1)

represents the impacting ion, approaching the surface at an angle θ with respect to its normal, and with an energy E0. When the ion energy does not surpass the

threshold energy for sputtering E0 < Ethr, the ion may become neutralized by a surface electron releasing a reflected neutral as shown in (2). In some cases, an

additional electron may be released [secondary or Auger emission, (3)]. When E0 > Ethr, collisional cascades within the top surface lattice are sufficient to expel a surface

atom and sputtering occurs (4). The sputtered surface atoms might become ionized as they traverse the sheath, in which case they will be accelerated by the sheath

potential back towards the surface and redeposition of material may occur (5). If the ion impact energy is sufficiently large, E0≫ Ethr, the ions may become neutralized and

implanted within the surface lattice (6).
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α0 � π − arccos













1

1 + E0/Esp( )
√

≥
π

2
(11)

Esp is a binding energy characteristic of impacting ions, and c
and f are fitting parameters. Behrisch and Eckstein [47] have
compiled tables for these formulae for the most common ions and
target materials.

For the case of surface materials consisting of alloys or

compounds of different elements, the sputtering yield will be
different for each different species present in the target surface.
For the steady state with a sufficiently high flux of incident ions,
the sputtering yields will distribute according to the stochiometric
concentration of each species within the target compound.
However, this distribution is not kept for small fluences of
impinging ions, and the phenomenon of preferential
sputtering occurs.

For binary target materials, containing two elemental species i
and j, the sputter preferentiality δ can be defined [47] as a ratio of
the elemental sputtering yields Yi, Yj and their stochiometric

concentrations ci, cj,

δ � Yi

Yj

cj

ci
(12)

δ can also be estimated as follows,

δ � Mj

Mi

( )2m
Uj

Ui

( )1−2m

(13)

where Mi, Mj are the atomic masses, Ui, Uj the surface binding

energies, and m is a power exponent describing the interaction
potential.

When a plasma encounters a solid surface, such as at the
boundaries provided by the containment surfaces of a HPS, a
sheath will be formed and ions will be accelerated according to the
potential present at the wall. If the ions are able to increase their
energy beyond the threshold energy Ethr, sputtering will occur
and the surface will be modified. Combining this information
with the density distribution obtained through experimental
measurements or simulations, such as the fluid models
described in section 2.2, an etch rate or erosion rate can be

calculated for the surface. This value can be used to project the
behavior of the HPS and establish limits to its useful lifetime in a
particular practical application.

In practical applications, the etch rate E of a surface
bombarded with energetic ions, measured as a ratio of the
etch depth per unit of time, is calculated as a function of the
incident ion flux Γi, the particular sputtering yield Y, and the mass
density of the target surface ρt as shown in Eq. 14,

E � ΓiYMm,t

ρtNA

(14)

where Mm,t is the molar mass of the target surface and NA is

Avogadro’s constant. The calculation of the sputtering yield
would take into account all the considerations discussed in
this section. The incident ion flux Γi is determined by the
particular conditions of the plasma discharge near the surface;
for example, it can be approximated by applying the Bohm Sheath

Criterion and specifying that Γi = nsuB where ns is the ion density
at the entrance of the sheath and uB the ion Bohm velocity.

4 RELEVANT ENGINEERING ASPECTS

Figure 6 shows a simplified 2-D cross section of a typical HPS
built in a cylindrical geometry (excluding auxiliary vacuum
vessels, diagnostics or nozzle elements which may exist in
laboratory or thruster applications). A cylindrical dielectric
tube is sealed at one of its ends by an endcap or barrier.
Neutral gas is fed inside the cylinder from an external source.

An axial magnetic field, parallel to the dielectric cylinder axis, is
created by using solenoid coils or permanent magnets. An
antenna is used to launch the helicon waves into the neutral
medium; this antenna is typically placed outside of the exterior
surface of the dielectric tube. The open end of the cylinder is
commonly attached to an external chamber and a gas extraction
system capable of maintaining the vacuum pressure within the
source at the required limits. Considerations for the design and
implementation of practical HPSs are discussed in detail in [22].

Given the fact that the antenna used to launch the helicon
waves can be placed outside the plasmamedium, surrounding the

external surface of the dielectric cylinder, the plasma-facing
surfaces of the endcap, the dielectric cylinder and any other
purposely-designed limiter inner walls are the only material
boundaries in direct contact with the plasma, and therefore
the only ones potentially subject to plasma-material
interactions. The axial magnetic field limits the diffusion of
particles toward the cylinder’s inner surfaces. The upstream
section of typical HPSs, shown at the left of Figure 6, will
usually contain another boundary surface and is a common
location for the injection of the neutral gas required to sustain
the plasma discharge. Depending on the specific geometry of a

particular device, this section might be located in the vicinity of
the helicon antenna or away from it, and the magnetic field might
remain parallel to the axis of the source or diverge instead. The
density of neutrals is usually higher in this region, promoting
more frequent interactions with ions and removing momentum
from them, which in turn has an effect on the energy they carry
towards the boundary surfaces.

The careful selection of these materials interacting with the
plasma discharge, as well as an adequate design of the HPS
geometry, magnetic field, and antenna, can reduce the plasma
density and particle energies near the inner surfaces of these
elements and therefore mitigate their erosion due to material

sputtering. This in turn provides HPSs with the potential of long
operational lifetimes. This is a critical property in fields such as
in-space electric propulsion, where thrusters based on HPSs are
among the leading candidate technologies within electrode-less
thrusters [56].

4.1 Plasma-Facing Materials in HPSs
Materials used for the construction of HPSs must comply with a
number of often conflicting properties. RF-transparent materials
are commonly used to manufacture the cylindrical tube, allowing
for the efficient transmission of the RF waves produced by the
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external antenna to the plasma medium. This requires materials
with a low dissipation of RF energy, which is usually measured in
terms of the loss tangent (tan δ). The amount of thermal energy
dissipated by the boundary material is directly proportional to
this loss tangent parameter, which is in itself proportional to the
material temperature [57]. This can potentially create a positive
feedback loop of RF energy losses within the boundary material,

showing the importance of the material selection in
practical HPSs.

From a practical engineering point of view, HPS materials
should feature a high thermal conductivity, enabling the
distribution and extraction of the heat loads produced by the
inherent inefficiencies of the RF transmission and the ionization
process within the source. Materials with a high thermal
conductivity will allow the heat loads present in the material
to spread axially and azimuthally, promoting the creation of a
more even temperature distribution and reducing the appearance
of thermal hotspots. This in turn contributes to the reduction of

the amount of thermal energy dissipated as the RF energy
traverses the boundary material. Thermal management of
HPSs is a critical issue in practical implementations [58–62]
and is essential for the development of high-power systems
relying on HPSs, such as the VASIMR engine [63], the Proto-
MPEX PMI research device [64], and the PISCES-RF steady-state
helicon device [2].

De Faoite et al. [65] compiled a thorough review of the
available data on the most relevant thermal and mechanical
properties of dielectric technical ceramics commonly used in
HPSs, focusing on those aspects relevant to the thermal

management issues described above. The materials included in
the analysis included alumina, aluminum nitride, berylia, quartz,
sialon, and silicon nitride. A later work [66] presents linear
regressions of these properties as a function of temperature,
where adequate fits were found for some of them while also
highlighting the limits of the publicly available data sets.

In order to assess the reliability of these dielectric materials
under the boundary conditions present in inner confinement
surfaces of HPSs, their sputtering parameters would have to be

evaluated under similar conditions, using the models and
techniques discussed in section 3.2. As an example, Figure 7

compiles experimental and simulated data for the sputtering
yields of singly charged argon ions impacting some of these
dielectric materials commonly used in HPSs, as a function of the
impacting ion energy and at normal incidence. These choices are
typical for the materials used in the VX-CR research HPS [61].

As an indicative example, erosion phenomena will be
estimated for a typical HPS operating with an electron
temperature of Te ≈ 5 eV and a density n ≈ 2 × 1018m−3 in
the regions near the surface of a floating dielectric confinement
wall [67]. Eq. 5 estimates that the wall potential becomes Φw = −
23.5 V. If the ions enter the sheath with negligible kinetic energy,
it can be assumed this will be the incident energy at the wall,
slightly larger than the corresponding threshold energy for
sputtering Ethr ≈ 19 eV. If the wall material is alumina, Eq. 6
produces a value of Y ≈ 0.06 atoms/ion for the case of normal
incidence to the surface and Eq. 14 produces an approximate etch

rate of E = 17.62 nm/s. If the wall thickness of this material is t =
2.5 mm, this means it would take Δt = 141.9 × 103 s = 39.4 h for
the wall to erode (in a scenario where all conditions remain
constant). If the confinement surface is made of quartz glass
(silicon dioxide), the wall potential Φw would be below the
threshold energy for sputtering for argon ions impinging on
SiO2, E0 < Ethr ≈ 35 eV, and no sputtering would occur.

If these conditions exist in the vicinity of the antenna straps of
the HPS, where the RF energy is transmitted as a 13.56 MHz
signal with a peak-to-peak voltage amplitude of Vpp = 1 kV (and
therefore a peak voltage of Vp = 500 V), the methods described by

Berisford et al. [68] can be used to estimate an average sputtering
rate given the ion energy distribution function for low-frequency
RF sheaths [35]. In this particular case, an average sputtering
yield of Yavg = 0.08 is obtained for the case of Argon ions
impacting the alumina surface. The corresponding etch rate
would then be E = 23.5 nm/s, and it would take Δt =
106,400 s = 29.56 h for the wall to erode. If the material is
quartz, the RF sheath would be able to produce sputtering,
with an average yield of Yavg = 0.06, an etch rate of E =

FIGURE 6 | Simplified representation of a typical implementation of a Helicon Plasma Source.
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18.85 nm/s, and the surface would be eroded in Δt = 132,600 s =
36.84 h. These are extremely simplified estimations, where
conditions remain constant during the whole process, and no
variations in the sputtering yield are introduced due to surface

modification or deviations from normal incidence as the surface
degrades.

4.2 Relevant Experimental Work Regarding
PSI Within HPSs
HPSs have been used as part of plasma processing devices since
early in their development [5, 10]), generating plasmas with the
adequate parameters in order to modify the surfaces of samples or
substrates subjected to their discharge. However, few studies have
been conducted on the effects of the plasma discharge itself upon

the inner confinement surfaces of HPSs.
Among these, Aanesland et al. [69] reported on the effects of

an additional, floating copper antenna immersed within the
discharge itself. They describe the sputtering of copper atoms
from this additional antenna, which are then redeposited on the
inner surface of the dielectric discharge tube. At high power
levels, they describe how the areas in this dielectric tube located
under the straps of the external helicon antenna remain clean due
to the re-sputtering of the deposited copper layer. They suggest

this is an effect of the RF sheath created on the plasma-surface
boundary, as previously discussed in section 3.1.2.

This same mechanism was observed by Berisford et al. [60],
when researching the power distribution and erosion within the

dielectric tube of a linear helicon device. These authors developed
expressions to estimate the etch rates observed at these regions
under the straps of the extenal helicon antenna, modelling the
sheath present in these areas as a low-frequency RF scenario
(refer to section 3.1.2) and averaging the sputtering yield
according to the ion energy distribution throughout the RF
cycle [35]. These findings were validated through experimental
observations of the actual erosion in the dielectric cylinder used in
their experiment. These authors were able to estimate the
required particle flux at the regions under the helicon antenna
conductor from the measured etch rates, and also by analyzing IR

thermal data measured at the same location; both estimations
agreed within a factor of two.

Barada et al. [70] investigated this phenomenon more
thoroughly, experimentally confirming the existence of an
increased negative DC bias under the straps of the external
antenna in the inner surfaces of a HPS, and investigating how
this wall potential is affected by variations in the helicon
discharge parameters. Infra-red (IR) thermography
measurements taken on the inner surface of the dielectric

FIGURE7 | Sputtering yields for Ar+ ions impacting perpendicularly onto some of the compounds commonly used in the construction of HPSs. Experimental data is

shown for SiO2 [92–94], Al2O3 [93], and Si3N4 [92]; as well as computational results obtained with the SRIM-2013 package.
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ceramic window of the PISCES-RF device [2] also provided
indirect evidence of this phenomena, showing increased values
of the plasma heat flux under the straps of the helicon antenna,
particularly the conductor connected to the live (non-grounded)

terminal of the RF power supply.
The use of Faraday shields has been explored as a means to

mitigate the effect of capacitive coupling within inductively-
coupled plasmas (ICPs), and their application to HPSs has
been suggested for the same purpose [71]. The Faraday shield
has been implemented as a cylindrical jacket made of conducting
material, installed between the dielectric plasma confinement
surface and the helical antenna used in the ICP reactor [72].
Longitudinal slits have to be cut along this shield, to enable the
inductive fields to penetrate the discharge. Specific experiments
applying this technique to HPSs have yet to be performed. This

method could potentially improve the performance of HPSs by
reducing the erosion rate due to capacitive coupling under the
antenna straps; however, its effects on other aspects of the source
such as thermal management, and discharge efficiency, have to be
investigated.

Recent experiments by Beers et al. [73, 74] describe the
analysis of the helicon discharge section of the Proto-MPEX
device, where they combined a finite-element model describing
the helicon discharge, an ad-hoc sheath model, and a transport
code in order to analyze the production of impurities due to
sputtering at the material boundaries. Their results confirm the

experimental findings of Berisford et al. [60] and Barada et al.
[70], showing the importance of the electrostatic potentials near
the helicon antenna straps as a source of energetic ions impacting
the radial boundaries. They also showed the difference between
the operation in non-magnetized and magnetized regimes, as was
also discussed by Ahedo et al. [32].

The effect of the strength and geometry of the magnetic field
on the performance of HPSs has also been researched. The
magnetic field has an effect on the density profile within the
source. Lafleur et al. [75] show that its intensity affects the peak
value of the plasma density in the helicon mode, and they show

the existence of optimal configurations for given values of input
RF power and magnetic field intensity. The axial magnetic
configuration is also able to modify the performance of an
HPS. Takahashi et al. [76–78] have described the distribution
of momentum transfer between the plasma and different
elements of the source, its relationship with the magnetic field
configuration, and how it can affect the total thrust of a helicon
plasma thruster. These experiments describe how the ions are
able to impart an axial momentum to the inner wall of the
dielectric confinement material, due to the fact that their velocity
vector is not completely normal to the wall surface [78]. This

method could be used to indirectly estimate the incident angle
with the confinement surface as the ions traverse the sheath, a
critical factor in the calculation of the sputtering yield, although it
is shown how the radial component is responsible of the energy
transfer towards the wall.

The profile of the magnetic field within a HPS can be designed
to mitigate the consequences of plasma-wall interactions within
the source. Caneses et al. [79] describe experiments where two
configurations of the magnetic field within the Proto-MPEX

high-power helicon device were used to demonstrate the
usefulness of controlling where the last uninterrupted
magnetic flux surface (LUFS) makes contact with the inner
confinement surfaces of the source. They relocated this contact

point away from the dielectric ceramic window towards a
purposely-designed stainless steel cylindrical limiter surface, an
element with a function analog to that of divertors in fusion
devices. This design change reduced the thermal heat loads under
the dielectric window associated with direct impingement of the
plasma, since the magnetic geometry maintains the LUFS at a
minimum distance of approximately 1 cm away from the
boundary surfaces. The plasma density decays rapidly beyond
this point, as the magnetic lines intersect the material boundaries
more often. This technique of magnetic field shaping allows the
Proto-MPEX to reduce the heat loads on the dielectric window,

but its effects on the sputtering and erosion related to plasma-
surface interaction have not been thoroughly investigated.
However, the careful design of magnetic geometries is
commonly used for this purpose on electric propulsion devices
[80, 81].

Figure 8 summarizes the findings of these experiments with
regard to the appearance of sputtering phenomena within the
internal dielectric confinement surfaces of HPSs. Region (1) in
the figure represents areas within these internal surfaces in
direct contact with the plasma, where a sheath forms and the
dielectric surface obtains a negative electric potential Φw as

described by Eq. 5. The positive ions are then accelerated
towards the wall with a surface flux determined by the
product of the bulk plasma density n0 and the Bohm velocity
uB they obtain when entering the sheath. The effect of the
impinging ions on the dielectric surface can then be analyzed
according to the sputtering models discussed in subsection 3.2,
and effective surface etch rates may be computed. Region (2) in
Figure 8 describes the particular phenomena observed by
Berisford et al. [60], Aanesland et al. [69], Barada et al. [70],
and Beers et al. [73, 74], where the creation of RF sheaths on the
internal surfaces directly under the helical antenna straps may

create the conditions for high-voltage DC sheaths in the
negative part of the cycle. In this scenario, average sputtering
yields can be computed through the ion energy distribution
within the negative portion of the RF cycle [35], and hence etch
rates can be computed as well.

5 SUMMARY AND CONCLUSION

Helicon plasma sources (HPSs) hold great potential for the
development of efficient, high-density plasma sources. One of
their widely quoted advantages is the absence of cathodes or
electrodes directly in contact with the plasma discharge. This fact
limits any plasma-surface interactions to the inner surfaces of the
dielectric confinement surfaces, where the diffusion of the plasma
is limited by the action and geometry of the axial magnetic field,
thus reducing the expected material erosion rates and providing
these devices with a potentially long operational lifetime. This
proposed advantage of HPSs, among others, is still the subject of
debate [82, 83].
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The present review summarized the theory describing these
interactions, beginning with the physics of helicon waves and
cylindrical magnetized plasmas (section 2), followed by a
description of the most relevant plasma-surface interaction
phenomena within HPSs (section 3). Practical implementation
aspects and relevant experimental results were presented in
section 4.

Current research results point towards the existence of two
main modes of plasma-surface interaction within HPSs. The first
one is the diffusion of plasma towards the inner surfaces of these
material boundaries, where the ions are then accelerated through
DC sheaths and sputtering may occur if they are able to become
energized above the corresponding threshold energy level. The
eventual etch rate experienced by particular devices will depend
on the plasma parameters near the boundaries, the species
present in the plasma and the wall material, and the geometry
of the magnetic field at each region. The second mode of
interaction appears in the regions of the helicon dielectric

window directly under the conductor straps of the antenna,
where capacitive RF sheaths are created and accelerate the
ions. Direct (profilometry and surface analysis) and indirect
(IR thermography) evidence has confirmed the existence of
this phenomenon, and it has also been investigated through
modeling and simulations. Experimental results suggest that
these RF sheaths appearing under the helicon antenna straps
are responsible for the appearance of thermal hot spots and
regions of concentrated erosion patterns in the inner surface of
the dielectric windows of HPSs.

Despite recent advances in the description and understanding

of these plasma-material interactions within helicon plasma
sources, several topics are still open for research and
experimentation. Current modeling efforts integrate different
specific tools to simulate the interactions between the plasma
discharge, the transport and diffusion of the plasma species
throughout the simulation domain, the creation of DC and RF
sheaths, and the interaction phenomena occurring at the material
boundaries. As usual within the simulation of plasma
phenomena, varying timescales, lengths and energy levels are

involved. Integrated simulation efforts for the specific purpose of
studying sputtering and impurity transport within HPSs are
recent, and they could benefit from the development of
purposely-designed integrated simulation tools for this task.

Specific models for sputtering phenomena on the dielectric
ceramics commonly used in HPSs should be developed and
validated through experimentation. Additionally, the

interaction between the sputtered species, the original plasma,
external impurities, and the boundary surfaces, including the
formation of new compounds and molecules, appears to be a
topic of relevance, as shown in the results obtained in the Proto-
MPEX device [74] where these relationships were taken into
account to better explain the observed experimental results.

The magnetic field geometry can be designed in order to
displace the contact points between the plasma and its boundary
surfaces and also to create a separation between the magnetic flux
surface enveloping the plasma and the confinement materials.
This strategy appears to have a potential effect in reducing the

erosion phenomena within the HPS, as suggested by the effect it
has shown in modifying and reducing the heat flux distribution in
the Proto-MPEX experiment [79]. Yet this claim has not been
thoroughly investigated. This experiment also demonstrated how
cylindrical liners can be placed at the locations where the plasma
does contact the boundary surfaces; when this occurs outside of
the section where the helicon antenna is located, the requirement
for an RF-transparent dielectric window can be removed and
other materials with lower sputtering yields can be selected.
However, the exact interactions between these liner materials,
the plasma, and the sputtered impurities have to be investigated.

This technique could offer some critical advantages for the
creation of impurity-free plasmas in high-power helicon
devices used to research fusion-relevant material interactions;
however, they might introduce new unwanted issues in other
applications where the physical lifetime of the hardware is the
priority, such as in electric propulsion devices.

From an experimental perspective, the diagnostics able to
measure the above-mentioned parameters can be improved.
Given the linear nature of most helicon devices, access to the

FIGURE 8 | Representation of the two main sputtering regimes present in helicon plasma sources, as previously reported in literature. (1) shows the conditions

present at the boundary between the bulk plasma, with density n0, and the internal dielectric boundaries within an HPS. Parameters such as this density and the electron

temperature Te define the conditions present within the plasma sheath, which accelerate the positive ions towards the wall through the plasma-wall potential ΔΦp−w [35].

If the energy obtained by the ions at thematerial boundary surpasses the threshold energy Ethr, sputtering will then occur. (2) describes the situation particular to the

areas under the antenna straps, which may be subjected to high capacitive voltages driven by the external RF subsystem [60, 70, 73]. Given sufficiently large voltages,

the negative part of the antenna’s RF cycle will accelerate the ions towards the surface with enough time to traverse the sheath, essentially behaving as a high-voltage DC

sheath [60]. Once again, if the energy obtained by the ions surpasses the threshold limit, sputtering will occur.
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critical regions near the dielectric ceramic window and the RF
antenna region is complex. High power density devices, such as
the Proto-MPEX and Pisces-RF devices, or the VASIMR VX-
200SS engine, create a hostile environment for most physical

probes. Measurements have been done of the inner wall potential
[70], the radial heat flux, and the UV radiation [60], yet these
experiments were not conducted inside high-power, steady-state
devices.

Measurements of the effects of sputtering within the inner
surface of helicon confinement surfaces have been studied
through profilometry [60] and x-ray photoelectron
spectroscopy [74]. Extensive experience in this particular field
has been obtained in the simulation and execution of long-
duration experimental runs of electric propulsion devices [40,
84–86], but not in those which employ HPSs. Diagnostics such as

optical profilometry [87] and coordinate-measuring machines
[88] could also be applied to HPSs, particularly for the
measurement of surface erosion after long-duration tests in
high-power devices.

The engineering problem of managing the heat fluxes
transferred by the plasma onto the inner confinement surfaces
of HPSs is partially related to the plasma-surface interaction
issues discussed throughout this review, since the direct
impingement of energetic ions onto these surfaces is one of
the mechanisms of heat transfer present in the sources. Some
mitigation techniques previously discussed, such as shaping the

magnetic field to control the points of direct contact between the
plasma and these inner surfaces, can be applied to both
phenomena. The role of the temperature on the erosion rate
of these surfaces in contact with the plasma has not been
investigated in the particular case of HPSs. The formation of
nanostructures has been studied in the case of candidate materials
for the divertors of projected fusion devices [89]; similar
conditions might be achievable in high-power HPSs operating
at steady-state for long periods of time, and whether these
phenomena affect the sputtering of these inner confinement
surfaces remains to be investigated.

The physics concepts presented here can be combined to
establish a framework for analyzing the impact of plasma-

material interactions within HPSs, and explore mitigation
strategies suited for the development of high-power helicon
sources, particularly for those applications where an extended
operational lifetime of the system is a critical requirement. These

concepts can be used to model the density distribution within the
HPS and the existence of induced RF or DC bias voltages on its
inner surfaces, which appear to be a significant factor in the
appearance of local sputtering and deposition phenomena. A
sufficient understanding of these phenomena will be required as
the application of high-power, steady-state helicon sources
continues to grow in the fields of materials processing, fusion
research, and in-space electric propulsion.
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Helicon plasma sources produce high-density discharges without the need of

electrodes in direct contact with the plasma, which is thought to provide them

with long operational lifetimes. An explicit steady-state analytical model is

described with the capability of depicting the 2D plasma density distribution,

the sheath potentials and the estimated sputtering and etch rates along the

plasma-facing components of the source. The individual constituting

submodels are fitted against available experimental data, and the model is

used to predict erosion rates within the VX-CR research helicon plasma source.

Erosion within these components is dependent on the value of plasma density

along the boundaries, the electron temperature and the particular ion-target

material combination. The highest erosion rates are found along the upstream

system boundary, followed by the regions near the helicon antenna straps

where a capacitive RF sheath is formed. The assumptions and limitations of the

model are discussed, and future improvements are proposed.

KEYWORDS

helicon plasma, erosion, sputtering, model, etching

1 Introduction

The use of helicon plasma sources (HPSs) [1] within different research and practical

applications has gained traction because of their ability to produce high-density plasmas

at low power levels and magnetic field intensities, and their capability to dissipate energy

into the plasma deeper than other technologies such as capacitively-coupled (CC) or

inductively-coupled (IC) discharges. Helicon sources have found usage within the

materials processing industry, in electric propulsion devices, as ion sources for fusion

systems, and within facilities researching the interactions between plasmas and materials

at fusion-relevant conditions.
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One of the claimed advantages of HPSs is the fact that the

discharge is driven by radiofrequency (RF) waves emitted from

an external helical antenna which does not contact the plasma

directly, thereby discarding any damage to it as a potential failure

mode. The erosion of electrodes and grids facing the plasma

discharge is one of the key lifetime-limiting factors in practical

devices relying on other plasma-generation techniques, and

HPSs are therefore expected to exhibit long-lasting operational

regimes. The presence of axial magnetic fields within HPSs also

contributes to confine the plasma and reduce its diffusion

towards the material boundaries. However, the erosion of

these internal plasma-facing components due to the contact

with the discharge has not been widely investigated in order

to accurately estimate its effects. As these sources find their way

into ever larger andmore powerful devices, clearly understanding

their limitations becomes key to the engineering of reliable and

robust devices.

In a previous paper [2], we have contributed a review of this

topic and the different phenomena involved in its analysis, and

described past published work addressing erosion phenomena

within HPS. Among those, Berisford et al. [3] conducted

experimental measurements of the etching phenomena on the

inside of a quartz tube used as dielectric boundary in a helicon

source. They identified the voltages induced by the helicon

antenna on the inner surface of the HPS dielectric cylindrical

boundary as a key erosion mechanism, and correlated their

predictions with experimental measurements to within an

order of magnitude. Their work relied on simplified formulas

for the sputtering of elemental targets by energetic ions and low-

frequency RF sheaths, adapted for their particular HPS. Barada

et al. [4] and Thakur et al. [5] also confirmed the relevance of this

capacitive coupling phenomena in the regions near the location

of the antenna straps. Recent work by Beers et al. [6, 7] developed

a combined model integrating a finite-element simulation of the

RF discharge, an ad-hoc sheath model and a transport code to

estimate erosion and deposition rates in high-power deuterium

discharges from the Proto-MPEX experiment, which were then

compared to experimental measurements. Their approach to

sputtering simplified the actual aluminum nitride (AlN)

boundaries as pure aluminum, given their observations of

aluminum enrichment in the surface after experimental runs.

Their simulation provides an accurate and detailed prediction of

sheath potentials, sputtering and deposition phenomena, and

impurity transport within the HPS; its disadvantage is the

complexity involved in the convergence of discrete 3D codes.

In the present work, we describe the development and

validation of a modeling tool for the estimation of sputtering

and etch rates within the plasma-facing components of a HPS. It

combines individual analytical modules for analyzing the 2D

distribution of plasma density within the source, the voltages

produced by the sheaths in different regimes, and the sputtering

phenomena and associated etching. The 2D plasma description

and the sheath models adapt fluid-dynamic models previously

published in the literature, while the sputtering package is also

based on adapted empirical expressions developed to match

available experimental data. The sputtering model was

extended to provide the ability of simulating compound target

materials. The combined model aims to simplify the estimation

of average and peak erosion rates within HPSs, with the goal of

providing a flexible tool that can be used to predict the

performance of a particular device, to develop general erosion

mitigation techniques for HPSs in general, and for the

engineering analysis of practical helicon implementations.

This paper is organized as follows. Section 2 describes the

individual components which form part of the simulation

package. Section 3 describes the validation of each individual

submodel against publicly-available experimental data sets; as

well as the application of the combined tool to a particular HPS,

the VX-CR device at Ad Astra Rocket Company Costa Rica.

Section 4 analyzes these results and discusses the assumptions

and limitations underlying the model, and section 5 summarizes

the main findings of this work.

2 Mathematical models

This section describes the first-principle models underlying

the implementation of the analysis tools developed for the

investigation of erosion phenomena within helicon plasma

sources.

Figure 1A) presents an idealized diagram of a helicon plasma

source (HPS), showing its main components in a typical

cylindrical configuration, as well as the coordinate system

defining the simulation domain. Figure 1B), reproduced from

[2], describes the two main modes of erosion phenomena within

the plasma-facing components of HPSs, as described in the

literature.

The models presented in the following subsections are

independent of the particular ion species present in the

plasma, although they do assume the discharge is produced

with a single gas (not a mixture of gasees), which is singly-

ionized (a typical case in most low-temperature helicon sources).

2.1 Dispersion relation for helicon waves

Helicon waves fall into the category of right-hand polarized

(RHP) plasma waves, which propagate along constant magnetic

fields in bounded systems. They are related to atmospheric

whistler waves, and typically appear in the frequency range

ωci ≪ ω ≪ ωce, where ω is the excitation frequency and ωci

and ωce are, respectively, the ion and electron cyclotron

frequencies for the given configuration.

A description of the relation dispersion describing helicon

plasma waves can be obtained from Maxwell’s equations,

applying the cold plasma approximation (non-thermal ions)
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and neglecting the displacement current, as shown in detail by

Chen and Arnush [8–10].

When electron inertia is retained in the derivation, the total

wave number β of the wave is defined by

β1,2 �
k

2δ
1 ∓ 1 − 4δk2ω

k2
( )1/2⎡⎣ ⎤⎦ ≈ k‖

2δ
1 ∓ 1 − 2δk2ω

k2‖

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦ ≈ k2ω/k‖
k‖/δ{

(1)

where θ is the angle of propagation of the wave with respect

to the constant, axial magnetic field B � B0êz, with components

parallel and perpendicular to B: β2 � k2‖ + k2
⊥
, where k‖ = β cos θ

and k⊥ = β sin θ. The ratio δ = ω/ωce is the ratio between the wave

frequency and the electron cyclotron frequency ωce = eB0/me, and

k2ω � ωω2
p/ωcec

2 � ωn0eμ0/B0 ≡ βk‖ is the wavenumber for low-

frequency whistler waves along B0 in free space.

The first solution to Eq. 1, β1, corresponds to the helicon orH

mode obtained in the zero electron mass limit, when electron

inertia is neglected. Solution β2 corresponds to the Trivelpiece-

Gould or TGmode, an electron cyclotron wave propagating at an

angle to the magnetic field and a relevant damping mechanism in

helicon plasma sources, particularly at low values of B0.

The expression for the H mode β1 can be expanded as

β1 �
ω

k‖

n0eμ0
B0

� ω

β1 cos θ

n0eμ0
B0

(2)

where n0 corresponds to the electron density of the plasma

where the wave is propagating, with e the electron charge and μ0
the permeability of free space.

The previous equation provides a means to estimate the

maximum value of the expected plasma density for a given

helicon device as a function of the axial magnetic field

intensity B0, for given values of the excitation frequency ω,

the parallel wave number k‖ and the angle θ between the wave

propagation vector and B0. These last parameters can be

determined through the source’s RF subsystem and the

antenna geometry.

For the typical scenario of a helicon plasma source of

cylindrical geometry of radius R and exciting mode m = 1, the

previous equation can be simplified [8, 11] to

n0 �
p0k‖
Rωeμ0
( )B0 (3)

FIGURE 1

(A) A simplified diagram of a Helicon Plasma Source (HPS). (B) A representation of the main mechanisms of erosion present in Helicon Plasma

Sources, reproduced from [2]. Region (1) describes the acceleration of ions towards the inner confinement surfaces due to the DC sheath and the

floating negative potential present at the surface. Region (2) describes the acceleration of the ions due to the present of an external source of RF

excitation, such as the terminals of the antenna used to excite the plasma discharge.
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where p0 is the lowest root of the Bessel function of the first

kind and order 0 (J1(p0) = 0, with p0 ≈ 3.83).

The actual distribution of plasma density within practical

helicon plasma sources is seldom uniform, yet this expression

enables the estimation of a reference value for the expected peak

plasma density, which can be used with the subsequent models

when describing the variation in all relevant plasma parameters.

2.2 2D fluid description of cylindrical
magnetized plasmas in steady-state

The description of the plasma behavior within a helicon

plasma source is provided by a 2D, two-fluid description of

cylindrical plasmas in the presence of an axial magnetic field

using the cylindrical coordinate set (r, θ, z). The chosen model is

an implementation of the asymptotic magnetized regime

proposed by Ahedo and Navarro-Cavallé [12], which

describes a quasineutral, isothermal plasma with azimuthal

symmetry and where the ion temperature is much lower than

the electron temperature, Ti ≪ Te. The model is based in a series

of assumptions and simplifications, including: steady-state,

azimuthal symmetry, cold neutrals whose velocity un and

density distribution nn only depend on the axial position,

longitudinal ambipolarity where the axial and radial velocities

of ions and electrons are constant (uiz = uez and uir = uer) and the

ion azimuthal velocity is negligible uiθ ≪ ueθ = uθ, among others

chosen by the authors.

The model is described by a set of radial and axial equations.

The radial submodel describes the behavior of the plasma at a

given axial location z. The ratio between the plasma density nr

and its value at the cylinder axis nr(z, 0) can be described by the

expression

nr z, r( )
nr z, 0( ) � J0 a0

r

R
( ) (4)

where r is the radial coordinate, R is the maximum radius of

the cylindrical plasma discharge, nr is the quasineutral plasma

density, J0 is the Bessel function of the first kind of order 0 and a0
≈ 2.405 is the first zero of J0.

The radial component of the ion and electron velocity ur is

normalized by the ion sound speed cs �
������
eTe/mi

√
and can be

expressed as

ur

cs
� a0

]eωr

ω2
lh

( ) J1 a0r/R( )
J0 a0r/R( )[ ] (5)

where the term ]e = ]en + ]ei + ]ion is a linear combination of

the electron-neutral ]en and electron-ion ]ei collision frequencies

as well as the ionization frequency ]ion, ωr = cs/R is the radial

transit frequency; ωlh � eB0/
�����
memi

√
is the lower-hybrid

frequency and J1 is the Bessel function of the first kind of

order 1. The collision rates composing the term ]e can be

approximated as a function of Te, as described in [12].

The electron azimuthal velocity uθ is normalized by the

electron thermal velocity ce �
������
eTe/me

√
and is described by

the expression

uθ

ce
� ur/cs( ) ωlh/]e( ). (6)

Boundary conditions for the radial model preclude null

plasma velocities and plasma potential ur = uθ = ϕp = 0, and a

known plasma density n(z, r) = n(0, r) at the cylinder axis r = 0.

At the r = R physical boundary, the Bohm sheath criterion states

that ur(z, R) = cs.

The axial submodel describes the plasma parameters at the

r = 0 coordinate as a function of the axial coordinate z. For the

limit of large Te, large B0 and with ideal plasma recombination at

the system physical boundaries (producing neutrals with the

same axial velocity un), the ideal asymptotic model from Ahedo

et al. [12] can be applied.

The axial neutral velocity un remains constant throughout

the source,

un � un0. (7)

The axial velocity of both ions and electrons, uz, is

normalized by the ion sound velocity cs and defined in terms

of the auxiliary variable ξ as follows

uz/cs � tan ξ. (8)

The plasma density n is described by the following expression

n/n0 � 2ηu cos
2 ξ (9)

where n0 = g0/cs is a reference plasma density, g0 is the axial

flow of heavy species (ions + neutrals) at the upstream boundary

of the source g0 � _m/(miπR
2), _m is the input mass flow to the

system, andmi is the mass of the ions. The parameter ηu = nz=0/n0
is the propellant utilization defined as the ratio between the

plasma density at the downstream open boundary of the system,

nz=0, and n0.

The axial neutral density nn is defined as

nn/nn0 � 1 − ηu sin 2 ξ (10)

where nn0 = g0/un0 is a reference neutral density.

The axial variation of the auxiliary variable ξ is defined

implicitly by the integral expression

z + L

L+
� ∫ξ

−π/4

1 − tan2ξ′

1 − ηu sin 2ξ′
dξ′ (11)

where L is the axial length of the simulation space, L+ = cs/

(Rionnn0) is an effective ionization mean free path, and Rion is the

ionization collision rate. An expressions for Rion as a function of

Te is provided in [12].
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The boundary conditions for the axial model include the

given known values for the following parameters at both the

upstream boundary z = −L and the downstream exit plane z = 0: a

given value for the flow of neutrals into the system, g0; the

reference neutral axial velocity un(r, − L) = un0; and the plasma

velocity equal to the Bohm velocity at both the upstream and

downstream axial boundaries, uz(r, − L) = −cs and uz(r, 0) = cs.

Setting z = 0 and ξ = π/4 in Eq. 11 defines the propellant

utilization ηu as an implicit function of the ratio L/L+.

2.3 Sheath models

In the region where the plasma contacts a physical material

boundary, the quasineutrality of the bulk discharges is broken

due to the buildup of charge at the surface. This region is called a

sheath, and its properties depend on both the parameters of the

plasma as well as the material surface. The scale of the sheath is in

the order of the Debye length, λD � (ϵ0Te/en0)1/2, and is typically
much smaller than the characteristic dimensions of practical

laboratory plasmas.

The transition between the bulk plasma and the material

surface occurs through different regions or regimes. Prior to the

actual sheath, the pre-sheath is located, where the plasma density

and potential decrease but quasineutrality is still preserved. At

the point where the sheath begins, the Bohm sheath criterion

must be met, ui ≥ cs. Within the sheath, quasineutrality breaks

and the electron density decreases rapidly towards zero. The

potential at the material wall Φw is therefore lower than the bulk

plasma.

For the case of a floating dielectric material immersed into

the plasma, the potential obtained at the wall can be described

[13] as

Φw � −Te ln

�����
mi

2πme

√
. (12)

It is a function of constant properties of the plasma species

(the ion and electron masses, mi and me), and the electron

temperature Te expressed in units of electric potential. Under

the assumption that Ti ≈ 0, ions entering the sheath will be

accelerated towards the wall due to the potential difference Φp −

Φw, where Φp is the plasma potential.

Other conditions could be present in the boundary material,

such as grounded or biased surfaces at a potential Φbias, in which

case the analysis would need to take into account the effect of the

potential difference Φp − Φbias in the acceleration of the ions.

For the case where radiofrequency (RF) waves are present

near the interface of plasmas and materials, such as near the

location of the antenna straps providing the excitation source in

helicon plasma sources, an RF plasma sheath is created.When the

driving RF frequencies are sufficiently high (ωrf≫ ωpi, with ω
2
pi �

(e2n0)/(ϵ0mi) the ion plasma frequency), the ions are able to

respond only to the time-averaged variations in the DC plasma

potentials and not the instantaneous RF wave. The electrons in

the bulk plasma are able to react to the RF wave potentials, yet

most of the current in the sheath is displacement current, given

its low electron density.

When the frequency of the RF wave is low enough, ions are

able to respond to the RF wave and a low frequency sheath is

formed. This condition requires that ω≪ωi � πωpi(2Te/V0)1/4,
with V0 the transient voltage of the RF wave [13]. During the RF

cycle, the ions will be accelerated towards the surface due to the

time-varying potential.

The ion energy distribution function gi(E) for a low-

frequency RF sheath [13] is given by the expression

gi E( ) �

1

π
V2

rf − Vbias − E( )2[ ]−1/2 E ≠ Vbias

1

2π
π − 2 sin−1 Vbias/Vrf( )[ ] E � Vbias

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (13)

where Vrf is the peak voltage amplitude of the RF wave, Vbias

is any DC bias voltage applied to the surface, and E is the

instantaneous voltage of the RF field. The distribution has a

different expression for the case E =Vbias, to take into account the

rectifying effect of the low-frequency sheath.

2.4 Sputtering phenomena

Plasma-surface interactions include all the phenomena that

appear at the intersection between plasmas and a material

boundary. Among those, sputtering is of significant interest to

the fields of materials processing, fusion engineering and electric

space propulsion. Sputtering is the removal of material from a solid

surface due to the impact of energetic particles, and it plays a

fundamental role in determining the lifetime of practical devices.

Sputtering depends on several parameters, including the

properties of the impinging particles, the composition of the

target material surface and the geometry of the impact. A

simplified model for the geometry of the sputtering process [2]

describes the incoming ion being accelerated by the potential drop

on the sheath to an energy E0 until it impacts the surface with an

angle θ with respect to the surface normal. If the energy surpasses a

threshold level for the occurrence of sputtering, E0 > Ethr, a cascade

of collisions within the target material will be able to provide

sufficient momentum to one or several particles in the top layer

of the target material, and allow them to overcome the surface

binding energy Esb and leave the surface.

Sputtering is described by the sputtering yield Y, defined as

the number of surface particles sputtered from the target material

surface per incoming ion. It depends on the properties of the

impacting ion and the target material, the energy of the ion and

the angle of incidence. Several models have been developed for

the estimation of actual sputtering yields; the model chosen for

this study is the one published by Eckstein and Preuss [14], which

improves upon earlier work.
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The sputtering yield Y when ions impact a surface at normal

incidence (θ = 0) is obtained with the expression

Y E0( ) � qsKrCn E0( )
E0

Ethr
− 1( )μ

λ + E0

Ethr
− 1( )μ. (14)

It depends on three free parameters (q, λ and μ) used to fit the

model to experimental data. Behrisch and Eckstein [15] have

tabulated these parameters for a significant selection of

sputtering scenarios involving monoatomic elemental targets.

The term sKrC
n is the krypton-carbon interaction potential,

sKrCn ε( ) � 0.5 ln 1 + 1.2288ε( )
ε + 0.1728

�
ε

√
+ 0.008ε0.1504

(15)

which is used as an adequate mean value to describe the

nuclear stopping cross section for the problem, for any

combination of ion species and target materials (not

necessarily involving carbon or krypton). The term ε is the

reduced potential, which is calculated as

ε � E0

Mt

Mi +Mt

aL
ZiZte2

(16)

and depends on the parameter aL, the Lindhard screening length,

aL �
9π2

128
( )1/3

aB Z2/3
ion + Z2/3

tar( )−1/2 (17)

where aB is the Bohr atomic radius.

When the ion impact occurs at an angle, 0 < θ ≤ π/2, Y can be

described by the expression

Y E0, θ( ) � Y E0, 0( ) cos
θ

θ0

π

2
( )c[ ]{ }−f

exp b 1 − 1

cos θ
θ0

π
2( )c[ ]⎛⎝ ⎞⎠⎧⎪⎨⎪⎩

⎫⎪⎬⎪⎭.

(18)

It depends on the parameters b, c and f, which have also been

tabulated in [15] for a variety of common scenarios.

The parameter θ0 is calculated according to the expression

θ0 � π − arccos

�����������
1

1 + E0/Esp( )
√

≥
π

2
(19)

where Esp corresponds to the surface binding energy of the

impacting ions; it is equal to the surface binding energy of the

projectiles in the case of self bombardment, Esp = 0 for noble gas ions

impacting on the target, and Esp ≈ 1 eV for ions of the hydrogen

isotopes [14].

2.5 Implementation

The models described in the previous subsections were

implemented as an object-oriented (OOP) toolkit in the

Python programming language (version 3.9), with extensive

use of routines from the NumPy and SciPy packages. The

OOP approach enables a modular design, which allows for

the substitution of a particular submodel with an alternative

version. The approximate running time for the sensitivity

analysis simulations presented in Figures 9, 10 is less than

5 min, on a PC computer having quad-core Intel Core i5-5200

CPU at 2.20 GHz, 8 GB of RAM and running the Debian GNU/

Linux operating system.

3 Results

3.1 Model validation

In order to adjust the parameters in the models described in

Section 2 and to verify the accuracy of their estimations, publicly-

available experimental data from a variety of suitable HPSs has

been used for comparison. The chosen experimental data sets

match the assumptions and configurations required by each

submodel, and sufficient detail has been disclosed regarding

the relevant physical and geometrical parameters of the

source, enabling the use of the different mathematical

expressions.

Figure 2 presents the estimations of ne provided by Eq. 3 of

Section 2.1 as a function of the axial magnetic field B0, together

with experimental data published by Chen [16], Tysk et al. [17]

and LaFleur et al. [18]. The parameters obtained for these three

validation cases of Figure 2 are listed in Table 1. The chosen data

sets are all helicon devices tested with argon gas, using Boswell-

FIGURE 2

Comparison between the estimations provided by the

helicon wave dispersion relation of Eq. 1 and experimental data

published by Chen ([16]), [17] and [18]. The shaded regions

correspond to variations in the estimation of ne when

considering the uncertainty in the estimation of λ, taken as ± 50%.
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type double saddle antennas or half-helical antennas, which

preferentially excite wavelengths of twice their lengths, λ ≈

2 × Lant. The parallel angular wave number k‖ of Eq. 3 is then

obtained as k‖ = 2π/λ. This estimation is only an approximation,

and Figure 2 shows the range of estimated density values

accounting for variations in the wavelength λ of ±50% as

suggested by Light and Chen [19]. The linear relationship

between n and B0 present in all experimental data sets is

closely matched by the model estimations, particularly for the

Chen and LaFleur data sets.

The two separate fluid-models described in Section 2.2 are

compared to experimental measurements in Figures 3, 4. The

chosen versions of these models are the asymptotic, magnetized

regimes. For the case of the radial model [12, 20], Figure 3 shows

the normalized radial profile of the plasma density, compared to

experimental data from the CSDX device published by Burin

et al. [21], from the VX-CR device by Castro et al. [22] and from

the PISCES-RF device by Thakur et al. [5, 23], from experimental

runs using argon gas as the feedstock in all cases. The published

experimental parameters obtained from these experimental data

sets are described in Table 2. The reference plasma density nr0 is

obtained from the peak density value at r = 0. In the case of the

VX-CR device, the radial coordinates of the published density

values in [22] have been adjusted to account for the expansion of

the magnetic field lines (and the plasma plume) as they exit the

HPS towards the point of measurement. As described by the

original authors, the magnetized version of this radial model

describes a slow decay of the radial plasma density, which falls

rapidly near the radial boundary of the HPS; the experimental

data confirms this behavior, with only the VX-CR data

approximating the estimated trend. For the purposes of this

research, the fact that this magnetized regime of the radial model

may overestimate the plasma density near the surface boundary,

allows for a more conservative estimation of the boundary etch

rates.

The validation of the axial model of Eqs 7–11 with

experimental data is presented in Figure 4, where the on-axis

plasma density is presented as a function of the axial position

inside the cylindrical dielectric containment surface. The

experimental data sets are those published by Berisford et al.

[3] and Takahashi et al. [24], which once again correspond to

experiments running on argon gas. The source parameters used

in the estimation are listed in Table 3. It was found that the axial

model was able to predict the behavior of the axial density profile,

TABLE 1 Experimental parameters obtained for the data sets of

Figure 2, used for the validation of the simplified helicon wave

dispersion model of Eq. 3.

Chen, 1992 Tysk, 2004 LaFleur, 2010

[16] [17] [18]

Ion species Ar+ Ar+ Ar+

Lant (m) 0.12 0.12 0.1

λ (m) 0.24 0.24 0.2

k‖ (rad/m) 26.18 15.71 31.42

R (m) 0.02 0.05 0.068

f (× 106 Hz) 27.12 13.56 13.56

ω (× 107 rad/s) 17.04 8.52 8.52

FIGURE 3

Comparison of the radial plasma density distribution

estimated by Ahedo’s radial model [12, 20] and experimental data

published by Burin et al. [21], Castro et al. [22], and Thakur et al.

[5, 23].

FIGURE 4

Comparison of the distribution of the on-axis plasma density

as estimated by Ahedo’s axial model [12] and experimental data

published by Berisford et al. [3] and Takahashi et al. [24].
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but an axial displacement Δz = zexp − zmod was required to match

the experimental data, where zexp and zmod are, respectively, the

experimental axial coordinates and the ones used for the model

calculations. The reference plasma density n0 is obtained as the

asymptotic on-axis density at the downstream boundary of the

simulation domain (at the coordinate z = 0 following the

convention of [12]). At this location, the Bohm criterion

(uz=0 = cs) is imposed as a boundary condition, setting the

auxiliary variable ξ = π/4 according to Eq. 8. As the

optimization process described for Eq. 11 when z = 0

converges to values ηu → 1 for these two configurations

(complete propellant utilization) Eq. 9 will tend towards a

maximum value of 2 for the ratio n/n0, which corresponds to

the peak on-axis density and can be verified in the experimental

data sets.

The sputtering model from [14] is compared to experimental

data in Figure 5, for the particular case of argon ions impacting

SiO2 [13, 25–27], Al2O3 [13, 26] and Si3N4 [25] target materials.

The sputtering yield is presented as a function of incident ion

energy. These materials were chosen as they are some of the most

widely used in the construction of practical HPSs, including the

VX-CR device analyzed in the next subsection. Eckstein’s model,

as described by Eqs 14–18, is designed to model the interaction

between elemental ions and surface materials. The fitting

parameters available in the literature for these equations [15]

only account for this type of target materials. Therefore, some of

the required parameters were obtained by averaging the values of

the constituting elements of the compound materials, following a

technique originally proposed by Berisford et al. [3] when

applying the particular sputtering model presented in [13].

Table 4 lists the parameters chosen to represent these

compound materials. The atomic number Zt, the atomic mass

mt and the surface binding energy SBEt for each compound target

material were found as a simple arithmetic average between the

values corresponding to the two constituent elements in the

lattice. SBE data was obtained from [13]. The threshold energy, a

key parameter in the analysis of low-temperature devices such as

typical laboratory HPSs, was selected as the corresponding value

TABLE 2 Experimental parameters obtained for the validation data sets of Figure 3, used for the validation of Ahedo’s radial model in the magnetized

case [20, 12], as shown in Eqs 4–6.

Burin, 2005 Castro, 2013 Thakur, 2021 Thakur, 2021b

[21] [22] [5] [23]

Ion species Ar+ Ar+ Ar+ Ar+

Te (eV) 2.25 4.0 5.0 3.50

n0 (×10
19 m−3) 2.35 0.388 2.45 1.93

R0 (m) 0.1 0.045 0.1 0.1

B0 (T) 0.1 0.1 0.09 0.09

TABLE 3 Experimental parameters obtained for the data sets used in

Figure 4, for the validation of Ahedo’s axial model in the

asymptotic case [12].

Berisford, 2010 Takahashi, 2017

[3] [24]

Ion species Ar+ Ar+

L (m) 0.4 0.2

Δz (m) −0.1 0.2

Te (eV) 3.8 6.0

B0 (T) 0.06 0.03

n0 (m
−3) 1.0 × 1019 8.0 × 1017

FIGURE 5

Estimation of the sputtering yield at normal incidence for

argon ions impacting on different dielectric ceramic materials

commonly used in HPSs, obtained from the model presented in

Section 2.4. The fitting parameters used are those described

in Table 4. The estimations are compared to the available

experimental data points published for SiO2 [13, 25–27], Al2O3 [13,

26] and Si3N4 [25].
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for argon atoms in normal incidence on pure Si in the case of

SiO2 and Si3N4, and that of pure Al for the case of Al2O3 [15]. The

remaining fitting parameters λ, q and μ were obtained through a

least-squares optimization algorithm.

3.2 Analysis and investigation of the
VX-CR HPS

The VX-CR experiment [22, 28] is a research helicon plasma

source (HPS) located at Ad Astra Rocket Company Costa Rica,

designed for the study of thermal management and component

lifetime issues in the first stage of the VASIMR® [29] engine.

Figure 6A shows a simplified diagram of its operating

configuration. It consists of a dielectric ceramic cylinder

enclosed in a high vacuum chamber with a base pressure of

1.3 × 10–4 Pa. One end of this cylinder is sealed with a dielectric

ceramic endcap, with openings to allow the injection of gas into

the HPS. This cylinder is surrounded by a half-wavelength helical

copper antenna, driven by an external RF subsystem able to

deliver up to 13 kWe of radiofrequency energy to the plasma

discharge. The open end of the dielectric cylinder is connected to

a 14 m3 exhaust vacuum chamber (not shown in Figure 6), with a

baseline pressure of 1.3 × 10–1 Pa. An axial magnetic field is

created through two solenoid coils, with the resulting magnetic

field intensity profile depicted in Figure 6B. The dielectric

boundary surfaces in the VX-CR are at a floating electric

potential; this is not always the case for all HPSs, as these

elements can be grounded [3] or biased to a particular

voltage. Argon is the feedstock gas used in typical operations

with the VX-CR and was used in the simulated results described

in this subsection.

The models described in Section 2 and validated in Section

3.1 were used to estimate the erosion rates due to plasma-

material interaction in the VX-CR device. Table 5 shows

typical geometrical and operational parameters characteristic

of experimental runs at the VX-CR device, at RF power levels

between 1 kWe and 4 kWe and using argon gas. The three ceramic

materials which have been used for the dielectric components of

the device (the cylinder and its boundary endcap) are silicon

dioxide (SiO2), alumina (Al2O3) and silicon nitride (Si3N4).

Figure 7A presents experimental measurements of the peak

RF voltages at the helicon antenna straps as a function of the

delivered RF forward power to the system; Figure 7B (adapted

from [22]) describes estimations of the electron temperature Te

obtained from Langmuir probe data, also as a function of RF

forward power.

Figure 8 shows the distribution of normalized plasma density

inside the VX-CR HPS, as predicted by the models described in

Section 2.2 for the scenario with Te = 5 eV. A base density of n0 ≈

4.04 × 1018 m−3 is predicted. The maximum estimated plasma

density corresponds to nmax ≈ 8.19 × 1018 m−3, while the mean

plasma density is navg ≈ 3.04 × 1018 m−3.

The estimated plasma density values shown in Figure 8 were

used to obtain the approximate values along the upstream axial

(ẑ→ − 1) and radial (r̂→ 1) boundaries of the dielectric

cylinder. The radial and axial resolutions used in this

particular simulation, Δr and Δz, are shown in Table 5;

although they exceed the Debye lengths present in both

simulation boundaries, the density values obtained along

these regions, nẑ→−1 � nr[r̂, ẑ � −1 + (Δz/L)] and

nr̂→1 � nr[r̂ � 1 − (Δr/R), ẑ], have been used as reference

values for the plasma density at these inner surfaces.

These density estimations along the radial and axial

boundaries were used to calculate the etch rates along these

surfaces due to the potential created at the wall by the sheath. The

electron temperature Te was used as an input to Eq. 12 in order to

estimate the potential developed by the inner surfaces, under the

assumption that they are floating (isolated from any induced

voltages, as is the case in the VX-CR device). Under the cold ion

approximation, this potential is taken as the energy obtained by

the ions as they traverse the sheath. The sputtering yield was

calculated for the case of normal incidence Eq. 14 along the axial

and radial boundaries. The etch rate E, defined as the ratio of

surface etch depth per unit of time, was calculated through the

expression

E � ΓiYMm

ρtNA

(20)

where Γi = nbuB is the incident ion flux (with nb the plasma

density along the boundary), Mm and ρt are the molar mass and

mass density of the surface material and NA is Avogadro’s

constant.

The results of the etch rate calculations are shown in Figure 9,

where etch rate estimations are presented for the axial boundary

(Figures A–C) and the radial boundary (Figures D–F). Results are

shown for the three different dielectric materials previously

analyzed (SiO2, Al2O3 and Si3N4), and three chosen values of

TABLE 4 Fitting parameters chosen to represent SiO2, Al2O3 and Si3N4

within the sputtering estimationmodels presented in Figure 5. The

values for the material properties and the fitting parameters were

obtained through a combination of averaging and optimization

techniques, as described in subsection 3.1.

SiO2 Al2O3 Si3N4

Zt 11.0 10.5 10.5

mt (amu) 22.042 21.485 21.045

SBEt (eV) 3.653 3.36 4.811

Ethr (eV) 32.8380 21.55 32.838

ρ (kg/m3) 2,648 3,987 3,170

λ 7.417 14.553 10.0

q 3.636 3.373 3.4777

μ 2.339 0.397 1.363
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the electron temperature. Since the simulation provides the ions

with an energy equal to the floating potential obtained by the

dielectric walls, the results depend on both Te and the threshold

energy for sputtering Ethr in each case. Figure 5 had shown that

Al2O3 has a lower threshold energy than SiO2 and Si3N4

according to the sputtering model, and that is the reason why

the cases simulating silicon dioxide and silicon nitride present

etching only at the higher values of the electron temperature,

corresponding to the only scenarios where the wall floating

potential produced by the plasma sheath is larger than Ethr.

For the scenarios involving aluminum nitride, no sputtering

occurs for the cases with Te = 3.0 eV.

The low-frequency RF sheath model from [13], presented in

Section 2.3, can be used to estimate the etch rate produced in

certain regions of the radial boundary of the dielectric cylinder

due to the vicinity of the helicon antenna straps. Table 5 presents

the frequency f and peak voltage Vmax,RF present in the helicon

antenna straps of the VX-CR device. Using Eq. 13 and assuming

FIGURE 6

(A) Diagram of the VX-CR research helicon device. The axial magnetic field is produced through two solenoid coils, 1 in the HPS region and

2 located downstream of the source. The HPS itself is located inside a high-vacuum chamber to prevent arcing from the voltages present in the RF

subsystem. 3 represents the upstream dielectric boundary of the source and this is the point where gas injection occurs (not shown). 4 represents the

dielectric cylindrical boundary of the HPS, as well as the approximate location of the helicon antenna straps. 5 marks the location of a

reciprocating Langmuir probe used to obtain ion current density and plasma density readings. 6 describes the downstream section of the HPS,

interfaced to a vacuum chamber and a pumping system (not shown). (B) Experimental measurements of the magnetic field intensity B0 at the HPS

axis as a function of the z axial position. The coordinate system has its origin at the exit boundary of the HPS dielectric cylindrical boundary, following

the convention established in section 2.2. Measurement uncertainties for the values of B0 are less or equal than 0.0008 T.

TABLE 5 Geometrical and physical parameters used for the simulation

results of the VX-CR device presented in Section 3.2. The values of

Te and Vmax,RF correspond to three separate scenarios, and were

obtained from the regression described in Figure 7.

Parameter Value

R (m) 0.045

L (m) 0.226

B0 (T) 0.1

Te (eV) 3.0, 5.0, 10.0

_m (kg/s) 1.785 × 10–3

nn0 (m
−3) 1.5 × 1020

Δr (m) 9 × 10–5

Δz (m) 2.26 × 10–4

fRF (Hz) 13.56 × 106

Vmax,RF (V) 111.30, 165.66, 301.56

Ion species Ar+

Dielectric materials SiO2, Al2O3, Si3N4
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that the voltages present in the copper terminals of the antenna

are directly induced in the nearby inner surfaces of the dielectric

cylinder of the HPS (as suggested by the results presented by [3,

7]), the incident ion energy distribution can be calculated. Once

again using the cold ion approximation and assuming the ions

are accelerated at normal incident only by the RF sheath voltage,

the mean sputtering yield �Y due to the low-frequency RF sheath

can be obtained as a function of the axial position along the inner

surface of the dielectric cylinder through the expression

�Y r̂ � 1, ẑ( ) � ∫Vmax,RF

0
Y E( ) · gi E, ẑ( ) · dE. (21)

The average value of the sputtering yield, �Y can then be used

within Eq. 20 to estimate the etch rate at any potential axial

location of the helicon antenna straps along the radial boundary.

The results are presented in Figure 10 for the same three

candidate materials and Te values as in Figure 9, where

estimations are depicted for the etch rate along the entire

radial boundary. Given the higher voltages induced by the RF

subsystem in the helicon antenna, erosion is present in all

configurations. These results are once again dependent on the

sputtering threshold energy and the electron temperature. They

are also a function of the voltages produced in the RF subsystem,

which is an element external to the HPS and may differ between

different practical implementations.

4 Discussion

4.1 Practical estimation of erosion within
HPSs

The analysis of sputtering and erosion phenomena within

HPSs is dependent on understanding the behavior of key

properties of the plasma throughout the source and

particularly in the vicinity of the physical boundary surfaces

of interest, with density and temperature being the most relevant

parameters. Published experimental results identify two main

modes of plasma-material interaction relevant to the estimation

of erosion rates in the plasma-facing components of HPSs, which

were shown in Figure 1B. Region (1) in the figure describes the

acceleration of ions towards the boundary surfaces due to the

potential obtained by the floating wall due to the formation of the

sheath; the ions will obtain the energy difference between the

plasma potential and the wall potential, Δϕp−w = ϕp − ϕw. When

using the cold ion approximation, |ϕp|≪|ϕw| is often assumed.

This DC sheath is present along all plasma-facing boundary

surfaces. Region (2) in the diagram describes the interaction

FIGURE 7

Experimental data obtained from the typical operation

configuration of the VX-CR helicon plasma source, adapted from

[22]. (A) shows themeasurements of the peak voltage Vp in the VX-

CR helicon antenna, measured at the external RF feed line, as

a function of the measured RF forward power coupled into the

system. A linear regression has been calculated for these data

points, with the resulting expression shown in the plot. (B) shows

the estimated values for the electron temperature Te as a function

of RF forward power, obtained from measurements with the

reciprocating Langmuir probe. Experimental techniques and

measurement uncertainties for these data points have been

described in [22].

FIGURE 8

Estimated plasma density distribution in the VX-CR device

[22, 28], as estimated by Ahedo’s model [12, 20]. The relevant

geometrical and physical parameters used for this simulation are

listed in Table 5. The reference plasma density n0 is calculated

as the ratio of the axial flow rate of heavy species per unit area g0
and the ion Bohm velocity, n0 = g0/cs, and has a value of n0 ≈

4.04 × 1018 m−3 in this particular simulation.
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between the ions and the RF sheath produced by the oscillation

voltages induced in the vicinity of the location of the helicon

antenna straps, dependent on the operation of the RF subsystem

external to the HPS. This particular type of sheath, present at

specific discrete locations along the radial (r → R) boundary

surface, is able to induce potentials ϕRF at the wall typically much

larger than those produced by the DC sheath. Practical

implementations of HPS commonly rely on RF generators

operating in the high-frequency band (6.78 MHz, 13.56 MHz

and other typical commercial frequencies), which enable the use

of the low-frequency sheath model described in Section 2.3 when

the proper conditions are met.

The plasma density profile along the inner surfaces of the

dielectric boundaries of a HPS has a direct influence on the

magnitude of the rate of erosion throughout these regions, since

the incident ion flow rate Γi is directly proportional to nb. In the

present approach, the distribution of plasma density has been

obtained through the use of the uncoupled models of Section 2.2

for cylindrical geometries, which correspond to the asymptotic

limit of the models presented by Ahedo et al. [12]. The radial

model Eqs 4–6 produces the classical diffusion profile based on

the zero-order Bessel function. Figure 3 shows how the simulated

profile tends to overestimate the radial density value as r → R

when compared to experimental data, which will produce

conservative values of the ion flow rate towards the surface.

The axial model of Eqs 7–11 describes the axial distribution

of plasma density along the central axis of the cylindrical

geometry, as a function of the reference density n0 = g0/cs
obtained from the axial flow rate of ions and/or neutrals g0 �
_m/(miπR

2) and the Bohm velocity cs. The axial density profile is

dependent on the auxiliary coordinate ξ and the parameter ηu =

(nz=0/n0), which corresponds to the propellant utilization factor

in electric propulsion applications. The mapping ξ(z) to the

physical dimension is obtained by analyzing Eq. 11 at the

downstream boundary z = 0. The density distribution,

provided by Eq 9, presents a maximum value determined by

the location of ξ = 0 and located towards the upstream boundary

of the simulation domain. The axial spread of this density

FIGURE 9

Estimated etch rates at the inner surfaces of the boundary dielectric containment material in the VX-CR device, as obtained through the

combination of the density distribution, sheath and sputtering models described in Section 2. The etch rates for the axial (z = −L) boundary, the

endplate located at the upstream end of the dielectric cylinder, are presented in the top row in plots (A), (B) and (C); the corresponding etch rates for

the radial (r = R) boundary, the inner surface of the dielectric cylinder, are presented in the bottom row in plots (D), (E) and (F). Estimations are

presented for three different dielectric ceramicmaterials (SiO2, Al2O3 and Si3N4) and three reference values for the electron temperature Te. Plots are

shown only for those scenarios where the ion energies surpass the corresponding threshold energy for sputtering, E0 ≥ Ethr.
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distribution is dependent on the parameter L+ appearing in Eq.

11. This parameter is inversely proportional to the ionization rate

Rion, which is a function of Te; this rate and the collisional ones

Rie, Rin and Ren can be calculated following the formulas provided

by [12].

The combination of the models discussed in Section 2 allows

for a computationally-inexpensive approximation to sputtering

and erosion phenomena within HPSs, as they use uncoupled

steady-state fluid expressions for the axial and radial distribution.

These are then combined to produce a complete 2D map of the

density distribution such as the one in Figure 8. The density

decay described by the radial model is combined with the density

distribution profile along the cylinder axis provided by the axial

model. The values at the cylinder boundaries can then be

extracted and used as inputs to the sheath models of Section

2.3, in order to estimate the energy obtained by the ions as they

impact the wall. The sputtering models are then used to predict

the sputtering yields and corresponding etch rates.

Figures 9, 10 show how the estimated etch rates for the VX-

CR device at the axial boundary (the upstream endplate at

z → −L) are about four orders of magnitude larger than the

ones produced at the radial boundary for either the DC sheath

scenario (plots d, e and f of Figure 9) or the low-frequency RF

sheath estimation (Figure 10). This is a product of the larger

density values present along that boundary surface, which is

impacted along the whole range of the radial coordinate 0 < r < R

at the axial location z = −L. For the case of the radial boundary

(r → R, the inner surface of the dielectric cylinder), the etching

produced by the DC sheath potential (Figure 9D–F) is smaller

than that produced by the voltages induced by the low-frequency

RF sheath (Figure 10). This depends on the particular electrical

configuration of the external RF subsystem. In the case of the VX-

CR, the RF subsystem is designed to operate at high current levels

in order to reduce the voltage magnitude in the RF feed lines.

Nevertheless, the average voltages during the negative part of the

sinusoidal RF cycle weighted according to the distribution

function described in Eq. 13 are larger than those produced

by the sheath at the floating walls. For the case of helicon systems

with grounded boundary surfaces, the energy of the ions reaching

the wall would depend on the magnitude of the plasma potential

ϕp and the ion energy distribution function within the plasma,

and it is even less likely that the acceleration through the sheath

can produce any etching as previously described by Berisford

et al. [3].

4.2 Model limitations and potential
improvements

The accuracy of the etch rate estimations provided by the

model are conditioned by the validity of its assumptions. The

simple magnetic field configuration of Figure 1, with a

constant axial B0, is not the case for most practical HPS

implementations. Devices with discrete solenoid cells might

present a cusped profile, while other devices might include

regions of higher intensity, mirror configurations and other

scenarios. When the magnetic field lines intersect directly with

the boundary surfaces, regions of direct impingement will

produce localized spots of energy deposition and erosion [6,

7]. Since the radial model chosen is an asymptotic

approximation for the magnetized regime, the radial

density profile is not dependent on the magnetic field

intensity and does not capture the effect of modifying B0

on the radial ion diffusion.

FIGURE 10

Estimation of the etch rate at the radial boundary r = R, the inner surface of the dielectric cylinder, due to the low-frequency RF sheath induced

by the vicinity of the straps of the helicon antenna, using a method derived from the approach by Berisford et al. [3]. These plots represent the

estimated etch rates for all possible locations of these external sources of RF excitation; actual devices typically have these antenna conductors at

specific particular locations. Results are presented for three different candidate materials (SiO2, Al2O3, Si3N4 corresponding to plots (A–C)), and

three values to of the electron temperature Te.

Frontiers in Physics frontiersin.org13

Del Valle et al. 10.3389/fphy.2022.950472



The electron temperature Te is assumed constant, and is an

input parameter to both models. It plays a key role in defining

the collisional rates and the sheath potentials. A constant Te

results from the steady-state condition of the discharge and

sufficient electron confinement [20]. This value of Te can be

estimated from global input and output parameters of the

HPS, such as the total power coupled through the RF

subsystem and the particle flow rate through the system

boundaries, by using a power balance model (such as the

ones described in [12, 30, 31]). This would also enable the use

of engineering models of the external RF subsystem for the

calculation of the voltages present at the helicon antenna

terminals as a function of the coupled RF power. These

values could then be used as inputs to the RF sheath

models for the estimation of sputtering and etching in the

locations near the antenna straps.

The condition of constant axial B0 is rarely accomplished

in practical helicon devices with a cylindrical geometry,

either because the magnetic field is not produced through

a single magnetic cell or due to the deliberate configuration of

variable magnetic field intensities with the purpose of

producing mirror effects or modifying the performance of

the source. If the field lines diverge and intersect the inner

surface of the dielectric cylinder, the kinetic energy of the

ions along the direction parallel to the field lines is

compounded with the acceleration due to the sheath

potentials, and significant etching may occur at the impact

points [32]. A variable B0 will also produce magnetic field

lines which are not parallel to the dielectric cylinder axis at

regions near the inner boundary surfaces, and the use of

sheath models considering oblique magnetic fields [33]

might be necessary.

The presence of a non-parallel magnetic field also

contributes to the ions having an impact angle different

than normal incidence, requiring the use of the angular

sputtering formulas described in Section 2.4 instead of the

simpler normal-incidence scenarios used in Figures 9, 10.

Another aspect of the sputtering models that needs further

research is the lack of accurate experimental data, and

therefore the corresponding fitting parameters required by

the sputtering expressions, for dielectric ceramic compounds

at the low energy ranges typical of HPSs. Parameters such as

the threshold energy Ethr play a critical role in the estimation

of etching rates, yet most of the available data and models such

as the ones in Section 2.4 have been developed in scenarios

where ions impact monoatomic targets. The present approach

averaged several parameters of Eqs 14–16 between the values

corresponding to the constituting elements of the dielectric

compounds; however the values for the threshold energy Ethr

were obtained from those corresponding to argon ions

impacting monoatomic silicon and aluminum, which

resulted in the best correlations with published

experimental sputtering data.

5 Conclusion

The development and validation of a set of modeling tools

designed for the investigation of sputtering and erosion

phenomena within the plasma-facing surfaces of a helicon

plasma source (HPS) has been presented. It is based on the

combination of a 2D fluid-based model for the distribution of

plasma density within the HPS (based on the work of Ahedo et al.

[12]), sheathmodels for the estimation of the wall potential in the

case of floating surfaces and low-frequency RF fields [13], and a

sputtering model based on the work of Eckstein et al. [14].

Relying on the use of steady-state analytical expressions

derived from first-principles approximations or empirical

models, it aims to provide computationally-inexpensive

estimations of the etch rates along the inner boundary

surfaces of a HPS. This information is critical for applications

of HPSs where long operational times are desired, such as electric

propulsion engines or high-power sources for the research of

fusion-relevant plasma-material interactions.

The individual components of the model have been validated

against published experimental data, centering on the case of

argon discharges in sources using silicon dioxide, alumina and

silicon nitride components as boundary surfaces. Since the

chosen sputtering model was not developed to simulate

compound materials, average values were used for the

properties of the target material atoms, and the fitting

parameters in the model were obtained through an

optimization algorithm. The threshold energy for sputtering

was selected as that of argon atoms impacting monoatomic

silicon or aluminum. This approach yielded the best

correlation with published data. This strategy can be adapted

to other ion species and target materials, and represents an

improvement of previously published techniques using

empirical analytical models for the analysis of sputtering on

dielectric compound materials such as the approach described in

[3]. The subsequent analysis showed how the threshold energy

for sputtering Ethr is a critical parameter for the analysis of

etching within low-temperature devices such as HPSs.

Estimations of the etch rates due to particle sputtering were

obtained for the VX-CR helicon plasma source, as a

representative device conforming to the model’s assumptions.

The highest expected values were found at the upstream

boundary, the circular endcap surface, where etch rates

between 0.5 and 2.0 nm/s were obtained due to the

acceleration of ions through the sheath at the axial upstream

boundary. For the radial boundary (the inner plasma-facing

surface of the dielectric cylinder), these values ranged between

0.5 and 5.0 × 10–14 m/s. Along this same boundary surface, etch

rates produced by the low-frequency RF sheath acceleration are

one order of magnitude higher, with averages between 0.25 and

2.5 × 10–13 m/s. These results confirm previous findings pointing

towards the relevance of the voltages induced by the RF sheath

under the antenna straps; but also point towards the importance
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of controlling the plasma density values in the regions near the

upstream axial boundary of the system.

The model presented in this study can potentially be used

to guide the physics and engineering design of more robust

helicon sources with longer operational lifetime. A discussion

is also presented regarding the limitations and possible

improvements of this modeling approach, including the

estimation of electron temperature from the power balance

in the system, the consideration of variable magnetic field

intensities and more refined sputtering models for the

compounds of interest.
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