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SUMMARY 

 
 
 

Helicon ion thrusters are high-efficiency, high-density plasma sources with 

applications in electric propulsion. Their ability to accelerate ions without the use of 

lifetime limiting electrodes sets them apart from traditional gridded ion thrusters (GITs) 

that require biased grids and neutralizing cathodes for optimal operation. The extended 

expected lifetime of helicon ion thrusters makes them desirable for long duration space 

missions and warrants continued research dedicated to their development. 

In order for Helicon ion thruster performance to be properly evaluated, thruster 

characterization must occur during operation in a ‘space-like’ environment such as a 

vacuum test facility. For other electric propulsion applications such as Hall effect 

thrusters (HETs), operation in vacuum test facilities has been found to influence plasma 

properties and thruster performance characteristics. Due to the range of facility operating 

pressures in which Helicon ion thrusters are characterized, the presumed benefits offered 

by Helicon ion thrusters cannot be confirmed until the effects of neutral ingestion on their 

thrust contributing plasma properties are understood. 

This study considers the effect of facility backpressure and subsequent neutral 

ingestion on the performance of Helicon ion thrusters by examining their effects on the 

plasma properties that influence thrust. Properties examined in this work include electron 

temperature ( ௘ܶ), ion number density (݊௜), the ion energy distribution function (IEDF), 

and the local plasma potential ( ௣ܸ). Plasma properties are recorded during operation of a 

replica of the Madison Helicon eXperiment (MadHeX) at two distinct operating pressure 

environments. The ‘low-pressure condition’ has an operating pressure of 1.2 ൈ 10ିହ  to 
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	2.4 ൈ 10ିହ Torr corrected for argon corresponding to 0.8 sccm ingested argon 

volumetric flow rate. The ‘high-pressure condition’ has an operating pressure of 3.0 ൈ

10ିସ to 3.7ൈ 10ିସ Torr corrected for argon corresponding to 3.8 sccm ingested argon 

volumetric flow rate. Plasma properties measured at both pressure conditions are 

compared to understand the physical mechanisms caused by neutral ingestion. 

Differences in plasma behavior between both pressure conditions are attributed to 

three primary neutral-plume interactions: charge exchange collisions, momentum transfer 

collisions, and plume neutral ionization. Increased collision frequencies between ions and 

neutrals at the ‘high-pressure condition’ result in energy losses for the accelerated beam 

ions. In addition, downstream ionization occurs at greater rates at the ‘high-pressure 

condition’ due to the increased rate of electron-neutral collisions downstream of the 

thruster exit plane. 

Examining the effect of increasing RF power on neutral ingestion mechanisms 

reveals that increases in most probable voltage occur at greater rates for the ‘low-pressure 

condition.’ In addition, electron temperatures are consistently lower and ion number 

densities higher at the ‘high-pressure condition’ with few noted exceptions. An 

examination of the effects of altering additional operating conditions on the mechanisms 

resulting from neutral ingestion is also conducted for magnetic field strength and 

volumetric flow rate. The primary effects of increasing magnetic field strength are 

minimal and can be attributed to increased electron confinement and reduced electron 

mobility. Increasing volumetric flow rate at the ‘low-pressure condition’ produces similar 

behavior to that observed at the ‘high-pressure condition’ such as reduced electron 

temperature, decreased most probable voltages, and an overall increase in ion number 
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density. Increases in source neutrals however, do not yield the same magnitude of plasma 

property change as operation at higher operating pressures implying that Helicon ion 

thrusters are affected by neutral ingestion predominantly in the exhaust plume. 

In summary, unlike facility effects observed in the operation of HETs, neutral 

ingestion in the plume of the Helicon ion thruster does affect the accelerated ion beam 

core. Changes in plasma properties on the thruster centerline imply that neutral ingestion 

in the exhaust plume is pervasive and the density of the ion beam is not high enough to 

rely on scattering collisions at the edges of the exhaust plume to maintain the accelerated 

ion beam core as observed in the study of facility effects on HET operation. Helicon ion 

thrusters subject to neutral ingestion experience altered performance characteristics as a 

result of neutral-plume interactions.  
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CHAPTER I 
 
 
 

INTRODUCTION 
 
 
 

1.1 Electric Propulsion:  Devices and Testing Practices 

 

1.1.1 Electric Propulsion Devices 

In order to maneuver spacecraft through the solar system or orient satellites in orbit, 

propulsion devices capable of delivering precise amounts of thrust are required. Electric 

propulsion (EP) devices achieve high exit velocities that generate thrust applicable for 

deep space missions or satellite station keeping applications. Unlike chemical propulsion, 

exhaust velocities in EP devices are not constrained by the finite energy of the chemical 

bonds, but on the power available and the thruster architecture.1 This quality makes EP 

devices a desirable alternative to their chemical counterparts. 

Any device that uses electricity to increase propellant exhaust velocity falls under the 

umbrella of EP. There are three overall types of EP thrusters distinguished by the method 

of power deposition:  electrothermal, electrostatic, and electromagnetic.1 Electrothermal 

devices employ propellant heating to achieve high exit velocities. Alternatively, 

electrostatic and electromagnetic devices use electric and magnetic fields to ionize 

propellant and accelerate ions to high exit velocities through a variety of ways. 

Ion thrusters considered in this work are a subset of the electromagnetic family of 

devices. Ion thrusters use a wide range of methods to ionize and accelerate large fractions 

of propellant to generate thrust. Compared to other EP devices, ion thrusters boast the 

highest ionization efficiency (60% to >80%) and a high specific impulse range (2,000 s to 
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> 10,000 s).1 Another benefit of ion thrusters is their use of monatomic gases for 

propellant making their fuel easy to store and transport. These qualities make ion 

thrusters appealing for onboard applications and provide motivation for continuing 

research dedicated to their development. 

Ion thruster operation is divided into two primary stages as discussed in Sec. 2.1.1:  

an ionization stage and an acceleration stage. The ionization stage occurs in the source 

region where propellant is ionized via energy deposition. The acceleration stage generates 

thrust through momentum transfer with accelerated ions. These two stages operate 

independently simplifying device design and operation. The uncoupled nature of the ion 

thruster means that optimization of either region yields an overall boost in performance 

for the entire thruster design.2 

A particular ion thruster architecture of interest is the helicon ion thruster. The high 

ionization efficiency, high specific impulse, and ease of design of an ion thruster coupled 

with the lack of electrodes and neutralizing cathode required for thrust generation of the 

helicon ion thruster make Helicons appealing for application as EP devices. Helicon ion 

thruster performance is evaluated either directly or by measuring the electron 

temperature, ion energy distribution function (IEDF), ion density, and plasma potential 

during operation in a vacuum environment to predict performance values such as specific 

impulse, thrust, and efficiency. These plasma properties are also used to determine the 

radio frequency (RF) coupling mode and active ion acceleration mechanism at work for a 

given operating condition, both of which influence thrust generation. The active RF 

coupling mode and ion acceleration mechanism are considered performance metrics in 
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this work. Testing occurs in a vacuum test facility that produces a ‘space-like’ 

environment by lowering the pressure of the device’s exhaust environment. 

 

1.1.2 Vacuum Test Facilities 

In order to assess the viability of EP devices for operation on satellites and spacecraft, 

extensive characterization of device performance is conducted on the ground. In order to 

quantify performance values of EP thrusters, measurement of plasma properties and 

performance values occurs during operation in a vacuum test facility. These facilities 

lower the pressure inside a test vessel in an effort to reproduce the high-vacuum condition 

of outer space. The exhaust of the thruster is expelled into the test vessel and 

measurements are recorded. These values represent the best estimates of thruster 

performance available until an in-space test can be conducted. Onboard satellite tests 

have a great amount of risk and cost associated with evaluating an unproven propulsive 

device making ground testing a logical first step in thruster development. 

Vacuum test facilities, however, differ in size, pumping speed, and operating pressure 

(the recorded pressure inside the test vessel while the thruster is operating and propellant 

is exhausted from the device). For Hall effect thrusters (HETs), differences in facility 

environment have been found to influence plasma behavior and thruster performance 

leading to discrepancies between predicted performance and actual performance during 

space flight.3 Neutral ingestion is an example of a facility effect caused by the finite 

pumping speed inside a vacuum test facility. Neutral ingestion is the recirculation of 

previously expelled neutral propellant into the exhaust plume and ionization region of an 

EP device. HETs subject to neutral ingestion during operation inside a vacuum test 

facility have multiple opportunities to ionize previously expelled neutral propellant 
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leading to an increase in recorded thrust values as compared to HETs free of neutral 

ingestion.4 Similar performance inflation is hypothesized for Helicon ion thrusters 

subjected to neutral ingestion, but the effects are undocumented. 22 

Ion sources operating in ground based test facilities generate a back pressure of 

neutral propellant due to the finite pumping speeds of the research environment. 

Penetration of neutrals into the ion beam plasma and the subsequent interactions that 

occur modify plasma potential, plasma density, electron temperature, and ion energies, 

which influence performance parameters.5 Alterations in these plasma properties are 

indicative of changes in plume momentum that has led to performance inflation in other 

EP devices. Due to the wide range of facility environments available, facility effects must 

be documented across multiple testing environments in order to better compare 

performance data of EP devices.3 Understanding the influence of facility effects on 

Helicon ion thruster performance is the motivation for this work. 
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CHAPTER II 
 
 
 

HELICON ION THRUSTERS 
 
 
 

2.1 Helicon Ion Thruster Operation 

 

One of the common types of ion thruster is the RF ion thruster, which uses radio 

waves to ionize propellant. The two types of RF ion thrusters considered in this work are 

the gridded ion thruster (GIT) and the Helicon ion thruster, differentiated by the methods 

of ion acceleration employed. Note, there are other methods of ion acceleration for GITs 

than are detailed in Sec. 2.1.2, but they will not be considered in this study. 

 

2.1.1 Thruster Design 

In classical GITs, there are three main stages to thruster operation as depicted in Fig. 

2.1.1 The first stage consists of the generation of positively-charged ions from the 

excitation of a noble gas propellant. Following ionization, electrons travel upstream to be 

collected by a positively-biased anode while the ions travel downstream towards the 

thruster exit due to their attraction to the electric field generated by the acceleration grid 

assembly. The grid assembly consists of two optically-aligned, electrically conductive 

grids. The first grid, called the screen grid, is biased below the anode potential and 

ensures that the positive ions are aligned along the axial direction of the device in order to 

maximize thrust upon their exit. The negatively-biased acceleration grid completes the 

circuit generating a favorable electric field which attracts and accelerates the ions in stage  
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Figure 2.1:  Electrical diagram of a gridded ion thruster. Stage 1: Ionization. Stage 
2. Ion Acceleration. Stage 3: Plume neutralization.  

two. Stage three consists of expelling electrons from a neutralizer cathode at the thruster 

exit in an effort to achieve charge neutrality in the exhaust plume. 

In Helicon ion thrusters, only two operating stages are required to generated thrust as 

depicted in Fig. 2.2. In the first stage, a monatomic propellant is ionized through the use 

of RF wave excitation. An antenna broadcasts RF waves into the source region of the 

thruster at a designated frequency (13.56 MHz for this work) depositing RF power 

leading to propellant ionization in the presence of an axial magnetic field on the order of 

a few hundred Gauss (G). In the second stage, ions are accelerated across a potential drop 

at the thruster exit generating thrust. The ions exit the thruster in a quasi-neutral plume 

without the use of a cathode to achieve charge neutrality. Quasi-neutral plumes are 

distinguished as having a Debye length (as defined in Eq. 2.1) much smaller than the 
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characteristic length of the system. Quasi-neutrality shields the bulk plasma from local 

charge concentrations and external potentials at short distances.6 

In Eq. 2.1, ௘ܶ represents the electron temperature in electron volts (eV), ݊ is the 

plasma number density, and ݉௜ is the mass of the ion. In quasi-neutral plasmas, the 

plasma density can be assumed to be approximately equal to the ion number density (݊௜) 

which can be assumed to equal the electron number density (݊௘) as shown in Eq. 2.2. 

 

஽ߣ ൌ 7430ሺ ೐்

௡
ሻଵ/ଶ݉௜     (Eq. 2.1) 

 

݊௜ ൌ෥ ݊௘ ൌ෥ ݊      (Eq. 2.2) 

 

In order to optimize Helicon ion thruster operation (propellant flow rate, RF power, 

magnetic field strength etc.), the method of ion acceleration must be understood. Several 

highly-debated acceleration mechanisms have been theorized; viability of a particular 

Figure 2.2: Electrical diagram of a Helicon ion thruster tested at Georgia Tech (Left). 
Image of Helicon ion thruster with thruster stages labeled (Right). Stage 1: Ionization. 
Stage 2: Acceleration 
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mechanism hinges on proper characterization of the plasma plume.7 The acceleration 

mechanism considered in this work is the Double Layer theory detailed in Sec. 2.2.2.  

 

2.1.2 Thrust Calculation 

When comparing the viability of the Helicon ion thruster as a replacement for the 

GIT, an evaluation of the thrust generating capabilities of the Helicon ion thruster must 

be conducted. Helicon ion thrusters are theorized to generate thrust without the use of 

biased acceleration grids due to a potential differential that forms near the thruster exit 

naturally. Ions are accelerated across the potential difference similar to the way ions are 

accelerated between the biased grids of the GIT. Thrust of the Helicon ion thruster is 

generated by a transfer of momentum between the accelerated ions and the thruster due to 

interaction between the exiting ions and the magnetic field. Thrust can be measured 

directly, but direct thrust measurements are not common in the characterization of 

Helicon ion thrusters. Since direct thrust measurements require the entire thruster to be 

immersed in a vacuum environment as shown in Fig. 2.3, and a significant portion of 

published Helicon ion thruster data is measured while the thruster characterized is 

Figure 2.3:  MadHeX thruster operating on argon while immersed in a vacuum 
environment at Georgia Institute of Technology. 
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mounted externally to the vacuum chamber and exhausted into a vacuum environment, 

plasma properties are often used in place of direct thrust measurement to calculate 

thrust.7-12 

The Helicon ion thruster considered in this work has a magnetic nozzle (detailed in 

Section 5.1.1). Due to the plasma expansion through the magnetic nozzle, thrust (in 

Newtons) for the MadHeX replica has two main contributions:  thrust due to electron 

pressure ( ௦ܶ) and thrust due to magnetic field pressure ( ஻ܶ) as shown in Eq. 2.3.13-14 

 

்ܶ௢௧௔௟ ൌ 	 ௦ܶ ൅ ஻ܶ     (Eq. 2.3) 

 

Equation 2.3 can be broken down into the plasma properties of interest as shown in 

equations 2.4 and 2.5. A complete derivation for Eq. 2.4 can be found in Appendix A.  

Equation 2.4 is a quasi-one dimensional model of the total thrust produced at a given 

axial condition integrated across the radius of the plasma (ݎ௣ሺݖሻ) by a Helicon ion 

thruster with a magnetic nozzle.1,13-14 Total thrust is a function of the ion number density, 

accelerated ion beam temperature ( ௜ܶ஻), electron temperature, neutral number density 

expelled from the thruster (N), and neutral atom temperature ( ேܶ). Temperatures (in eV) 

appear in the thrust equation due to their relationship with velocity. Since the velocity of 

the ions is a function of the difference in the potential of where the ions formed and the 

potential at the ions’ current location, accelerated ion beam temperature can be expressed 

as the difference between the most probable voltage ( ெܸ௉) of the ion energy distribution 

function (IEDF) and the local plasma potential ( ௣ܸ). This value is known as the corrected 

most probable voltage ( ெܸ௉,௖௢௥௥). 
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்ܶ௢௧௔௟ ≡ 1 ൈ 10ିଵ଼ ׬ ሾ݊௜ሺ ௜ܶ஻ ൅ ௘ܶሻ ൅ ܰ ேܶሿݎ݀ݎ
௥೛ሺ௭ሻ
଴                (Eq. 2.4) 

 

   	 ௜ܶ஻ ൌ ெܸ௉,௖௢௥௥ ൌ ெܸ௉ െ ௣ܸ                       (Eq. 2.5) 

 

This study focuses on the thrust contributions from the ions and electrons only. The 

four variables of interest in this study are ion number density, most probable voltage of 

the IEDF, electron temperature, and plasma potential.  

 

2.1.3 Benefits 

Ion acceleration without acceleration grids or neutralizing cathodes are the primary 

advantages of Helicon ion thrusters. Acceleration grids are costly, lifetime limiting 

components required for thrust generation in a GIT. The ion plume outside the spacecraft 

created by the acceleration grids requires a cathode to provide electrons enabling 

recombination of the propellant in an effort to achieve charge neutrality outside the 

thruster exit plane. Like the acceleration grids, cathodes are also lifetime-limiting 

components that also require dedicated structure and high-purity propellant sources for 

operation; features that can significantly increase the cost of the spacecraft.2 Longer 

lifetimes, lower cost, and a reduction in launch weight make Helicon ion thrusters an 

attractive option for deep space missions.15 This expected increase in thruster lifetime is 

the motivation for continued research into Helicon ion thruster development.  
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2.2 Helicon Ion Thruster Performance 

 

Performance of a Helicon ion thruster is governed by both thruster operating 

parameters and physics-driven, source region behavior. The Helicon ion thruster has 

operating conditions including propellant flow rate, RF power, and source region 

magnetic field strength that affect performance directly. Indirectly, thruster operating 

parameters cause changes in the physics driven behavior of the generated plasma that can 

also affect thruster performance. 

Previously identified plasma properties of interest for thrust generation include ion 

number density and the most probable voltage of the thruster ion beam. These values can 

be modified due to changes in the thruster operating parameters but are subject to greater 

changes by physics-driven plasma behavior. Ion number density and most probable 

voltage are altered by the RF coupling mode and ion acceleration mechanism 

respectively, both of which are physics driven behavior that cannot be controlled directly. 

Due to the correlation with thrust generation, the RF coupling mode and acceleration 

mechanism are considered performance metrics in this study. The RF coupling mode and 

acceleration mechanism of the Helicon ion thruster are discussed in Sections 2.2.1 and 

2.2.2, respectively. 

 

2.2.1 Radio Frequency Coupling Modes 

Ion number density in an RF Helicon ion thruster is controlled by the RF coupling 

mode induced in the source region of the thruster during operation. RF coupling modes 

are distinguished by the physics-driven behavior of the particles in the source region 

resulting in ionization. There are three main RF coupling modes possible in an RF ion 
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thruster:  capacitive mode, inductive mode, and Helicon mode. The Helicon RF coupling 

mode generates the highest ion density and, thus, the greatest possible thrust for a given 

acceleration potential drop. This correlation makes achieving the Helicon RF coupling 

mode desirable in order to optimize performance of a given Helicon ion thruster. 

In order to understand how ionization of the propellant occurs in the source region, 

familiarity with the RF coupling modes is required. Each RF coupling mode is 

distinguished by the magnitude of the ion number density and the density profile at the 

thruster exit as well as the physics causing ionization as described in Table 2.1. A mode 

change is marked by a discontinuous increase in ion density or a change in the ion 

number density profile at the thruster exit plane. 

Capacitively-coupled plasmas (CCPs) have the lowest overall ion number density 

with the radial density profile characterized by an annular or ‘M’ shape at the thruster 

exit with a ring of maximum density located between the thruster centerline and the edge 

of the discharge chamber. Each thruster will have a different power requirement to 

achieve each coupling mode, but within the operating power range of that thruster, a CCP 

will occur at the lowest powers available that result in an ionized propellant. Ionization 

occurs when RF waves propagate through the entire volume of propellant in the source 

region. The majority of energy deposited into a CCP works towards ion acceleration 

instead of ionization, but CCPs have fluctuating ion densities that make steady state 

operation difficult.16 When the ion density changes in a CCP, the resistance of the plasma 

inside the thruster also changes altering the load connected to the RF system. Plasma load 

changes require active management by the thruster operator or an automatic matching 

network. The matching network must change its inductance and capacitance or else risk 
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hardware damage due to reflected power, i.e. power which is unable to be deposited into 

the plasma and travels back to the RF power source. Changes in ion density for a CCP 

can be too fast for an operator or the equipment to accommodate making CCPs difficult 

to maintain.  

Inductively-coupled plasmas (ICPs) are observed at the first discontinuous increase in 

plasma density with increasing RF power, although hysteresis behavior among the modes 

is possible. ICPs have higher densities than CCPs and have a density profile that plateaus 

across the thruster exit diameter, a density profile commonly desired for gridded 

operation. In ICPs, RF waves only penetrate the skin depth of the plasma volume 

marking a change in ionization physics from the capacitive mode.16 

 
Table 2.1:  Ionization physics explanations and ion density profile information for 
the capacitive, inductive and Helicon RF coupling modes. 
 

RF Coupling 
Mode: 

Capacitive Inductive Helicon 

Ionization 
Physics: 

RF waves propagate 
through entire 

volume of propellant

RF waves penetrate 
skin depth of plasma 

volume. 

RF waves induce 
bounded whistler 
waves in plasma 

volume 
Ion Density 

Profile: 
Annular or ‘M’ 

shaped ion density 
profile 

Plateau shaped ion 
density profile 

Parabolic ion density 
profile 

 

The last discontinuous increase in density magnitude occurs at the transition from an 

ICP to Helicon mode. The Helicon mode supports the highest plasma density on 

centerline and is characterized by a peaked density profile at the thruster exit. In Helicon 

mode, RF waves induce Helicon waves or bounded whistler waves that result in high 

density, uniform plasma generation. Their high ionization density results in a greater 

percentage of the propellant achieving an accelerated exhaust velocity contributing to 
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thrust generation. Helicon mode occurs in the high power range of the operational power 

limits a given thruster and is often characterized by a blue core observed inside the 

discharge chamber.16 It is in this final mode that a Helicon ion thruster is intended to 

operate due to the availability of large ion densities compared to the ion densities 

available during operation in the other RF coupling modes for a given thruster 

architecture. 

In this study, identification of the Helicon RF coupling mode involves two separate 

criteria. First, a blue core in the plasma source region must be observed. Second, two 

distinct, discontinuous increases of the order of magnitude of the ion number density 

must also occur. 

 

2.2.2 Acceleration Mechanism: Double Layer Theory 

Ion velocity in a Helicon ion thruster is directly related to specie temperature as 

illustrated in Eq. 2.4 and explained in Appendix A. The velocity that ions have at any 

given axial location along the Helicon ion thruster axis can be expressed as the difference 

between the most probable voltage (plasma potential at the location where ions are 

formed) and the local plasma potential. The maximum possible velocity gain is the total 

potential drop that occurs along the thruster axis. In Fig. 2.4, the most probable voltage of 

the ions is 60 V. The ions would have a final velocity corresponding to the 40 V potential 

decrease at the 130 mm location. The 40 V difference represents the corrected most 

probable voltage at the 130 mm location.  
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Figure 2.4:  Sample potential drop (ࣘ) located at the boundary of the source region 
and exhaust plume. 

 

The potential drop depicted in Fig. 2.4 is the acceleration mechanism for ions in the 

Helicon ion thruster. There are many theories for how the potential drop is formed. A 

particular theory of ion acceleration that has garnered significant attention, and has been 

observed during previous operation of the thruster considered in this work, is the Double 

Layer theory. A Double Layer is characterized as an electric field occurring downstream 

of a low-pressure, high-ion number density, magnetized plasma source resulting in ion 

acceleration.17 The electric field itself is a drop in plasma potential occurring over a 

distance on the order of a few Debye lengths. Ions formed upstream of the Double Layer 

are accelerated down the potential hill at the thruster exit, generating thrust. 

Formation of a Double Layer can be identified in the following ways. The presence of 

an accelerated ion beam is the strongest indication of a Double Layer in an expanding 

plasma device.18-19 An accelerated ion beam would be recognized as a double-peaked 

IEDF where the first peak represents the local ion population energy and the second, 
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higher energy peak corresponds to the accelerated ion beam. Axially mapping the IEDF 

using a Retarding Potential Analyzer (RPA) downstream of the thruster exit is the 

optimal way to determine if a Double Layer is present.17 IEDF measurements are 

discussed in greater detail in Sec. 5.3.2. 

Observable plasma characteristics resulting from Double Layer formation include a 

large increase in plasma density in the source region coinciding with a slight decrease in 

downstream plasma density.17 This increase in density is thought to occur when the 

Larmor radius of the ions becomes smaller than the inner discharge chamber radius of the 

thruster, reducing the radial loss of ions to the chamber walls. Such a transition would be 

instigated by changing the operating conditions of the Helicon ion thruster such as 

increasing the magnetic field strength in the source region, increasing confinement. The 

resulting reduction in ion losses causes a discontinuous density increase that enables the 

magnitude of the potential gradient at the thruster exit to increase forming a Double 

Layer.17 The maximum energy of the accelerated ion beam directly relates to the plasma 

potential of the source region. 

In order to identify a Double Layer, several methods are considered. Measurement of 

the plasma density in this work uses electrostatic probes and due to the confined space of 

the discharge chamber, it becomes difficult to maintain the electrostatic probe orientation 

required for proper plasma measurements in a magnetized, RF plasma source. Since 

electrostatic probes are unavailable for identification of a Double Layer in this work, an 

RPA will be used at the thruster exit to determine if a Double Layer forms as indicated by 

a double-peaked IEDF. However, as double-peaked IEDFs can also indicate oscillating 
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RF sheaths, multiple IEDF sweeps at a given operating condition and axial location will 

be required to confirm Double Layer formation.20 

The Double Layer is only one of many theorized ion acceleration mechanisms 

observed during operation of Helicon ion thrusters. Across different vacuum testing 

facilities, multiple types of plasma potential drops have been observed leading to 

discordant theories explaining how ion acceleration is achieved across each different type 

of potential profile. Some profiles however, cannot be reproduced leading to much 

conjecture on their validity and applicability for in space thruster operation.16 Double 

Layer theory is a highly contested acceleration mechanism and is chosen as a point of 

interest in this study due to its appearance during previous runs of the Madison Helicon 

eXperiment at the University of Wisconsin-Madison test facility.7, 21-22 
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CHAPTER III 
 
 
 

FACILITY EFFECTS 
 
 
 

3.1 Helicon Ion Thruster Facility Effects 

 

EP devices are typically characterized in ground-based vacuum test environments in 

an effort to predict thruster performance in space. Measurements of plasma properties 

and performance values of these devices recorded during operation in a vacuum test 

facility differ from the performance observed in orbit or in deep space.4,8 Unlike during 

operation in space, where expelled propellant will not travel back towards the thruster 

exit plane, EP devices operating in vacuum test facilities are subject to neutral ingestion. 

During neutral ingestion, previously expelled neutral propellant travels back towards the 

thruster exit plane where neutral atoms may ionize and accelerate across local potential 

differentials. This behavior has resulted in inflated thrust values for HETs.4 The 

magnitude of neutral ingestion, and the acceleration of newly ionized propellant due to 

neutral ingestion, depends on facility operating pressure and the available thruster exit 

area open to neutral particle ingestion. The open discharge chamber exit plane of the 

Helicon ion thruster makes them highly susceptible to neutral ingestion. 

 

3.1.1 Facility Effect Susceptibility 

Helicon ion thrusters have been tested across a wide breadth of vacuum facility 

environments ranging from small expansion chambers connected to the thruster exit 

plane to chambers in which the thruster is immersed in a vacuum environment.7-9,11-12,21-22 
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The range of facility environments used to characterize Helicons has led to the 

observation of multiple ion acceleration mechanisms as discussed in Sec. 2.2.2. In order 

to advance the understanding of Helicon ion thruster technology, a better understanding 

of the ion acceleration mechanisms is required. Given the effect neutral ingestion has on 

HET performance, Helicon ion thruster performance for space applications cannot be 

accurately predicted until the effect of neutral ingestion is understood. 

Goebel and Katz remark that the differences in plume characterization observed 

between vacuum facility operation and real space application is due to background gas 

pressure.1 The supposition that Helicon ion thrusters are subject to facility effects is 

illustrated in an example by Charles.23 Charles calculates that for a pumping speed of  

300 /s in a vessel volume of 30 l, the residence time of an argon atom would be 

approximately 100 ms. Assuming a neutral velocity of 300 m/s gives the particle 30 m of 

travel before being removed by the vacuum pumps. This calculation assumes free 

molecular flow where the neutral atoms will travel without colliding with the solid walls 

of the vacuum vessel and their mean free path exceeds the characteristic length of the 

vacuum chamber allowing them to recirculate.24 Without the acceleration grids present in 

GITs, an atom is free to return to the ionization region of the Helicon by traveling back 

through the exit plane unimpeded. Due to the long residence times of neutral propellant 

in a vacuum vessel, an argon atom is free to re-enter the source region and exhaust plume 

of a Helicon ion thruster multiple times. Neutral ingestion allows for multiple ionization 

opportunities of neutral propellant while also raising the neutral pressure inside the 

discharge chamber of the Helicon ion thruster. This pressure rise is an artificial product 

of finite pumping capabilities of vacuum test facilities that would not appear during 
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operation of a Helicon ion thruster in space where neutral propellant is unlikely to travel 

upstream in the exhaust plume.  

Helicon ion thrusters must contend with performance modification caused by neutral 

ingestion due to the open area of the thruster exit plane. Neutral ingestion may effect RF 

coupling mode and active ion acceleration mechanisms in addition to general plasma 

properties due to the effect of increased neutral particle collisions. Understanding the 

effect on performance of neutral ingestion as it relates to thrust production is critical in 

order to determine the Helicon’s potential as a GIT alternative. 

 

3.1.2 Anticipated Results of Facility Effects 

The anticipated effect of neutral atom recirculation described by Charles on Helicon 

ion thruster plasma properties is performance inflation.23  The artificial pressure rise due 

to neutral ingestion mimics some aspects of operation at a higher volumetric flow rate 

than the flow rate provided to the thruster. The total volumetric flow rate is the 

summation of the provided flow rate and the ingested flow rate as shown in Eqn. 3.1 in 

Sec. 3.1.3. Plasma densities and RF coupling mode transitions are affected by neutral 

ingestion. Thruster operating conditions based on performance in ground-based test 

facilities subject to neutral ingestion will not represent operating conditions required for 

equal performance in a space-like environment. Changes in thruster behavior may also 

alter the operating conditions necessary to change RF coupling modes or cause a 

particular ion acceleration mechanism to form. 

In addition to inflating the overall volumetric flow rate, background pressure of the 

vacuum vessel will change the residence times of neutral propellant inside the discharge 

chamber. Across any pressure gradient, molecules will travel to areas of lower pressure. 
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Inside the discharge chamber, a pressure gradient exists between the propellant inlet 

(higher pressure) and the thruster exit (facility operating pressure). At lower exit plane 

pressures, propellant will leave the discharge chamber sooner resulting in shorter 

residence times in the source region. Shorter residence times decrease the interaction time 

between the neutral propellant and the magnetic flux from the RF antenna that results in 

ionization. Shorter residence times require higher flow rates or higher RF power levels in 

order to initiate plasma formation in the source region. Pressure gradients of lower 

magnitude along the thruster centerline occurring in facilities with higher operating 

pressure will maintain plasma at lower flow rates than those possible in facilities with 

larger pressure gradients. The end results of this behavior are greater propellant and 

power demands when operating in space than predicted during ground testing.  

The influence of operating pressure and neutral ingestion in particular on Helicon ion 

thruster performance is unclear. While it can be inferred that performance would improve 

due to artificially inflated propellant flow rates and lower required RF power, the 

magnitude of performance enhancement has not been quantified. In addition, ambient 

gases present at higher operating pressures external to the thruster may absorb RF power 

from the antenna instead of the intended propellant in the thruster source region lowering 

the overall power available for ion acceleration. In order for Helicon ion thrusters to 

become a more viable option for onboard applications, an accurate assessment of the 

influence of facility effects, particularly neutral ingestion, on device performance 

characteristics is required. 
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3.2 Neutral Ingestion 

 

In order to determine the potential effect of neutral ingestion on Helicon ion thrusters, 

the quantity of propellant ingested must be estimated. The flow rate ingested can then be 

added to the provided thruster flow rate to estimate the artificial operating flow rate that 

influences thruster performance. Performance differences between the thruster defined 

flow rate and the total flow rate including neutral ingestion is of interest in this study. 

 

3.2.1 Predicted Ingestion Calculations 

Total volumetric flow rate in sccm for an EP device (்ܳ௢௧௔௟) is the sum of the thruster 

defined volumetric flow rate (ܳ௜௡) and the volumetric flow rate due to neutral ingestion 

(ܳ௜௡௚௘௦௧௘ௗ) as shown in Eq. 3.1.1 

்ܳ௢௧௔௟ ൌ Q௜௡ ൅ ܳ௜௡௚௘௦௧௘ௗ                  (Eq. 3.1) 

where    

	ܳ௜௡௚௘௦௧௘ௗ ൌ ሺ7.82 ൈ 10଼ሻ ௉	஺	ఎ೎
ඥ்ಿெೌ

                 (Eq. 3.2) 

The ingested volumetric flow rate is a function of the background pressure in Torr 

(ܲ), open area in ݉ଶ subject to neutral ingestion (ܣ), conductance between the thruster 

discharge chamber and vacuum test facility (ߟ௖), temperature in kelvin of the back-

flowing neutral propellant ( ேܶ), and the gas mass in AMU of the back-flowing neutral 

propellant (ܯ௔). Since the exit plane area of the Helicon ion thruster is open to the 

vacuum chamber, the entire exit area (0.0079 ݉ଶ) is considered subject to neutral 

ingestion with a conductance of 1. Ambient chamber temperature (294 K) is assumed for 

the back-flowing neutral argon propellant (39.948 AMU) as an ambient temperature 

would yield the highest ingested flow rate. Eq. 3-2 becomes a function of backpressure 
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only reducing to Eq. 3.3 when considering the MadHeX Replica running on argon. 

Calculated ingestion volumetric flow rates in sccm for three common magnitudes of 

facility backpressure, assuming the entirety of the background gas is argon, are shown in 

Table 3.1. 

 

    	ܳ௜௡௚௘௦௧௘ௗ ൌ ሺ5.699 ൈ 10ସሻܲ    (Eq. 3.3) 

 

Table 3.1:  Calculated neutral ingestion volumetric flow rates for the MadHeX 
Replica in an argon environment. 
 

Facility Operating Pressure (Argon) Calculated Neutral Ingestion Flow rate 

૚૙ି૜ Torr Maximum of 57 sccm 

૚૙ି૝ Torr Maximum of 6 sccm 

૚૙ି૞ Torr Maximum of 1 sccm 

 

Some facility background pressures can result in ingestion rates on the same order of 

magnitude as the propellant ingestion rate of the thruster. For some Helicon ion thrusters 

including the MadHeX replica considered in this study, 1 sccm of ingested neutral 

propellant is on the same order of magnitude as the provided thruster flow rate of 2 sccm. 

Guidelines regarding acceptable ingestion flow rates or minimum operating pressures 

required for data collection have not yet been established for Helicon ion thrusters but 

have been investigated for other EP devices such as HETs. 

In the examination of the effect of neutral ingestion on HET performance, Randolph 

et al. suggests that vacuum chamber operating pressure can be no greater than 5 ൈ 10ିହ 

Torr for reliable performance evaluation.25 Randolph’s limit is based on reducing the 
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amount of previously expelled neutral propellant entrained by the thruster and has been 

experimentally verified for ion thrusters. Due to the characteristically low flow rates 

required for Helicon ion thrusters (on the order of 1-10 sccm) compared to HETs (on the 

order of 100 sccm) and knowing that neutral ingestion effects HET performance, it is 

concluded that neutral ingestion will affect the performance of Helicon ion thrusters. 

Although the ingested flow rate will not be below Randolph’s ingested mass flow rate 

limit of 3% of the provided thruster flow rate, Randolph’s additional criteria for the 

pressure limitation including free molecular flow of neutral particles in a vacuum 

chamber for an EP device operating at < 1 kW of power and having an unimpeded exit 

plane provides the foundation for choosing the operating environments used in this study 

to examine the effects of neutral ingestion on Helicon ion thrusters. Background 

pressures of interest in this study are discussed in Sec. 4.1. An examination of neutral 

ingestion effects on Helicon ion thruster plasma properties will be examined in this work. 

Determination of maximum operating pressure requirements for proper device 

performance evaluation is outside the scope of this work. 
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CHAPTER IV 
 
 
 

RESEARCH QUESTIONS 
 
 
 

4.1 Operating Pressure Conditions 

 
 

One way to assess the influence of neutral ingestion on Helicon ion thruster 

performance, is to characterize the plasma properties near the thruster exit plane at 

different operating pressures. Changes in plasma properties and behavior can be used to 

determine the physical mechanisms caused by neutral ingestion near the thruster exit. In 

order to choose the proper starting foundation for pressure environments of interest, 

facility effect literature of other EP devices is consulted.4-5,25 Due to the depth of results 

available, the groundwork for this study stems from the facility effect literature on HETs. 

Evaluation of Helicon ion thruster performance is conducted for two distinct 

operating pressure environments based on Randolph’s limit discussed in Sec. 3.2.1. The 

first environment considered is below Randolph’s suggested limit with an operating 

pressure between 1.2 ൈ 10ିହ to 2.4 ൈ 10ିହ Torr. The other operating pressure 

considered is above Randolph’s limit between 3.0 ൈ 10ିସ to 3.7 ൈ 10ିସ Torr. These 

environments are referred to as the ‘low-pressure condition’ and the ‘high-pressure 

condition,’ respectively and are further detailed in Sec. 5.1. 

 
4.2 Neutral Ingestion Effects on Plasma Properties 

 

The first portion of this investigation is to consider the effect of neutral ingestion 

resulting from increased facility background pressure on individual plasma plume 
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properties. Properties to be considered in this work include plasma potential, most 

probable voltage of the IEDF, electron temperature, and ion number density due to the 

relationship between these properties and thrust generation as illustrated by Eq. 2.3-2.5 

and discussed in Section 2.1.2. These plasma properties are also of interest as indicators 

of how energy is exchanged in the propellant volume studied. Analysis of energy transfer 

in the propellant volume will help identify the physical mechanisms resulting from 

neutral ingestion. 

To measure the effect of neutral ingestion on plasma properties, each property is 

compared directly between pressure conditions. Measurements are conducted along the 

thruster centerline as shown in Fig. 5.2 from the exit plane up to 216 mm downstream 

(and in some cases for the RPA, up to 79 mm  upstream of the exit plane inside the 

discharge chamber) for both the ‘high-pressure condition’ and the ‘low-pressure 

condition.’ Values and trends for each plasma property are compared for thruster 

operation at ~100 W RF power, 2 sccm argon volumetric flow rate (0.059 mg/s argon), 

and 340 G source region magnetic field strength. 

Contributions from this analysis include an examination of the mechanisms at work 

leading to changes in plasma properties due to neutral ingestion, as well as quantitative 

comparisons of property behaviors from both pressure conditions. Values of interest 

include mean free path, collision frequency, and thrust augmentation. Direct comparisons 

of plasma properties are also conducted for electron temperature, most probable voltage, 

ion number density, and the IEDF. 
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4.3 Neutral Ingestion Effects on Operating Parameters 

 

The next portion of this study examines plasma property behavior at both pressure 

conditions over a range of thruster operating conditions. After identifying the physical 

mechanisms that cause changes in plasma properties due to neutral ingestion, the 

magnitudes of those changes at different RF power levels and magnetic field strengths 

are compared. This analysis provides insight into the way thruster operation affects the 

scale of performance change due to neutral ingestion. 

To complete this portion of the study, a volumetric flow rate of 2 sccm argon is 

maintained while RF power is raised from ~100 W to 500 W (up to 700 W for some 

cases) for a magnetic field strength of 340 G in the source region. Plasma potential, the 

most probable voltage of the IEDF, electron temperature, and ion number density are 

recorded approximately every 100 W. A separate analysis is then conducted while 

maintaining a volumetric flow rate of 2 sccm argon and ~100 W RF power while 

increasing the magnetic field strength from 340 G to 500 G (up to 700 G for some cases) 

while measuring the same aforementioned plasma properties. Behaviors of interest for 

this analysis include variations in the values and changes in the property trends of the 

most probable voltage, plasma potential, electron temperature, and ion saturation current 

over changing RF power or magnetic field strength. All these behaviors are compared 

between both pressure conditions with the objective of quantifying the effect of neutral 

ingestion at different operating conditions. 

This portion of the study endeavors to quantify how different thruster operating 

conditions influence the effects of neutral ingestion. A direct comparison between values 

of plasma potential, most probable voltage, electron temperature, and ion number density 
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at corresponding operating conditions is conducted to track how energy is exchanged by 

the propellant. This portion of the study provides a benchmark for performance changes 

anticipated during operation in different pressure environments and the effects of thruster 

operating conditions on the mechanisms driving the performance changes caused by 

neutral ingestion. 

 
 

4.4 Neutral Ingestion at the ‘High-Pressure Condition’ versus Increased Volumetric 

Flow Rate at the ‘Low-Pressure Condition’ 

 

Following an examination of the relationships between plasma properties and thruster 

operating parameters at each pressure condition, a comparison study is conducted 

between thruster operation at the ‘high-pressure condition’ at a volumetric flow rate of 2 

sccm argon, 100 W RF power, and 340 G source region magnetic field strength with 

volumetric flow rates ranging from 1.3-60 sccm argon, 100 W RF power, and 340 G 

magnetic field strength at the ‘low-pressure condition.’ This examination will determine 

whether neutral ingestion effects are comparable to increases in propellant volumetric 

flow rate and whether performance changes can be ameliorated at lower pressures by 

inflating the provided thruster operating volumetric flow rate. 

Plasma potential, most probable voltage of the IEDF, electron temperature, ion 

number density, and the IEDFs are analyzed for variations in the values and changes in 

the property trends at each flow rate when compared to the ‘high-pressure condition’ 

case. The goal of this study is to compare the changes in plasma properties caused by an 

increase in neutral flow into the thruster and the changes caused by an increase in neutral 

ingestion due to background pressure. 
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4.5 Neutral Ingestion Effects on RF Coupling Mode and Double Layer Formation 

 

The final area of interest in this study is an examination of the availability of the 

Double Layer acceleration mechanism and the Helicon RF coupling mode for thruster 

operation. Availability of these physics-based operating conditions is necessary in order 

to produce and accelerate the greatest possible amount of ions to generate thrust. 

IEDFs from all operating conditions at both pressure conditions are examined for the 

presence of a Double Layer characterized by a persistent, double-peaked IEDF indicating 

an accelerated ion population. Densities and ion saturation currents for increasing RF 

power and increasing magnetic field strength are examined for any discontinuous 

increases in ion number density indicating an RF coupling mode transition. Two separate, 

discontinuous increases indicate a transition from the capacitive mode to the inductive 

mode and then from the inductive mode to the Helicon mode. 

The aim of this study is a feasibility assessment of physics-based operating conditions 

for low-pressure Helicon ion thruster operation. An understanding of the environmental 

conditions required to induce particular performance conditions of interest will aid 

researchers in understanding thrust generation in Helicon ion thrusters. 
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CHAPTER V 
 
 
 

EXPERIMENTAL SET-UP 
 
 
 

5.1 Helicon Ion Thruster 

 

In order to ensure that certain performance metrics of interest are possible, a thruster 

geometry was selected with a history of producing the Double Layer acceleration 

mechanism and Helicon RF coupling mode. A replica of the Madison Helicon 

eXperiment (MadHeX) is used in this study for the explicit reason that both performance 

metrics of interest have been observed during thruster operation.7,21-22 

 

5.1.1 MadHeX Replica 

The MadHeX is a six-solenoid RF Helicon plasma source with a maximum mirror 

ratio of 1.44 between an axial magnetic field strength of 1000 G located 28 cm 

Figure 5.1:  Fully assembled MadHeX replica. (Yard stick included for scale.) 
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downstream of the antenna and an axial magnetic field strength of about 700 G in the 

source region. The argon plasma properties and thruster design of the MadHeX have been 

highly characterized by Wiebold at the University of Wisconsin-Madison (UW-Madison) 

who observed both the Double Layer acceleration mechanism and Helicon RF coupling 

mode during the MadHeX’s operation.7,21-22 The MadHeX replica at the Georgia Institute 

of Technology has six 500-turn solenoids arranged around a 10-cm diameter Pyrex 

discharge chamber. The positioning of the solenoids as well as their physical dimensions 

and the dimensions of the half-turn, double helix antenna are identical to those of the 

MadHeX at the UW-Madison. The exit plane of the MadHeX replica is approximately 60 

cm away from the downstream edge of the RF antenna. The magnetic field profile of the 

MadHeX replica is verified through experimental measurements using a Gaussmeter and 

magnetic field simulations performed using Infolytica MagNet commercial software. 

Unlike the experimental setup at UW-Madison, there is no steel mesh surrounding the 

discharge chamber and there is no aluminum endplate at the propellant inlet. During 

testing, the entire thruster assembly at Georgia Tech is operated completely inside the 

Figure 5.2:  MadHeX replica exit area. Centerline along which measurements are 
recorded denoted by axis; 0 coordinated corresponds to exit plane. 

(-)   0   (+) 
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Vacuum Test Facility–1 (VTF–1) at a location that placed the center of the exit plane 

approximately 0.8 m radially away from the facility sidewall and approximately 3.5 m 

axially away from the graphite beam dump at the rear of the facility.  

High-purity (99.9995%) argon propellant is fed to the thruster propellant inlet using 

stainless-steel Swagelok lines with a 3 cm nylon hose connector at the Pyrex propellant 

inlet. Propellant flow rate is regulated by an MKS 1179A mass flow controller calibrated 

before each testing cycle. The mass flow controller has an uncertainty up to 7%.26 The 

RF signal for the MadHeX replica is generated by a Yaesu FT-540 HF transceiver and 

amplified by an ACOM2000A linear amplifier. The matching network used is a custom 

Pi-type network and the standing wave ratio (SWR), measured by an LP-100 wattmeter, 

is held below 1.05 for all experiments with an uncertainty of ± 1 W for power and ± 0.05 

for SWR.27 An electrical set-up identical to that shown in Fig. 2.2 is employed. 

 
5.2 Vacuum Test Facility-1 

 

In order to quantify the effect of neutral ingestion due to background pressure, two 

separate vacuum environments are required. Using Randolph’s suggested threshold for 

HET performance evaluation as a guide, two facility environments are used to evaluate 

the effect of neutral ingestion on Helicon ion thruster operation.25 The ‘high-pressure 

condition’ (Sec. 5.2.1) operates above Randolph’s limit of 5 ൈ 10ିହ Torr and the ‘low-

pressure condition’ (Sec. 5.2.2) operates below Randolph’s limit. Both pressure 

conditions are generated inside VTF–1 at the Georgia Tech High-Power Electric 

Propulsion Laboratory (HPEPL) shown in Fig. 5.3. 
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The VTF–1 measures 7 m long and 4 m in diameter. For this work, different 

configurations of pumps will be used in order to change chamber pumping speeds to 

allow thruster characterization at both pressure conditions. For both pressure conditions, 

the chamber is evacuated to moderate vacuum (base pressure of 0.03 Torr) by two 3800 

CFM blowers and two 495 CFM rotary-vane pumps. Facility operation differs beyond 

this point depending on the desired pressure condition and is detailed in the following 

sections. Pressure in VTF-1 is measured using an Agilent BA 571 hot filament ionization 

gauge mounted externally to VTF-1 controlled by an Agilent XGS-600 Gauge Controller. 

Operating pressure is corrected for argon. Pressure measured by the ion gauge has an 

uncertainty of +20% to െ10%.28 Probe positions in VTF-1 are controlled using a two-

axis Parker Daedal 406XR precision linear motion stage system with a positional 

uncertainty for each motion stage of ± 159 μm. 

 
 
 

Figure 5.3 Vacuum Test Facility–1 at Georgia Tech. 
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5.2.1 High-pressure condition 

The ‘high-pressure condition’ reaches a base pressure of about 2.9 ൈ 10ିସ Torr and 

ranges in operating pressure from 3.0 ൈ 10ିସ Torr to 3.7 ൈ 10ିସ Torr corrected for 

argon. This condition is achieved by shutting off the CFM blowers and CFM rotary-vane 

pumps after moderate vacuum is achieved and engaging an Edwards STP-XA3203 

turbomolecular pump with a pumping speed of 3200 L/s on nitrogen to get down to the 

final base pressure. An Edwards GV80 dry scroll pump provides vacuum line back 

pumping for the turbopump with a maximum pumping speed of 64.6 CFM.  

 
5.2.2 Low-Pressure Condition 

The ‘low-pressure condition’ reaches a base pressure of about 1.0 ൈ 10ିହ Torr and 

ranges in operating pressure from 1.2 ൈ 10ିହ Torr to 2.4 ൈ 10ିହ Torr corrected for 

argon. This condition is achieved using six NRC/CVC Varian HS48-95,000 fractionating 

diffusion pumps with copper baffles chilled by three Polycold fast cycle water vapor 

cryopumps running on HC 1100 refrigerant yielding a total pumping speed of 125,000 

L/s on argon.9 

 

5.3 Diagnostics 

 

5.3.1 RF Compensated Emissive Probe 

The plasma potential is the average local potential at a given location in the plume of 

the thruster. An emitting, RF-compensated emissive probe shown in Fig. 5.4 is used to 

measure plasma potential in this work.  
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The probe tip is a thoriated-tungsten wire curved into a 0.127 mm diameter loop fed 

through a 1.5-mm diameter, double bore ceramic tube. The double-bore ceramic tube is 

inserted into another ceramic tube that is secured to the RF compensation box. The 

compensation box houses two, M-series ferrite toroids (one on each side of the probe tip) 

each wrapped 25 times with the signal wire to remove RF interference from the recorded 

data. Each choke provides an impedance of 5600 Ohms for an RF signal of 13.56 MHz.9 

The overall probe length is approximately 84 cm. The probe is oriented perpendicular to 

the bulk flow of the plasma and perpendicular to the magnetic field. The plane of the 

probe tip is oriented parallel to the thruster exit allowing plasma to pass through the loop 

after exiting the thruster.10  

Figure 5.4:  (Left) RF-compensated probe assembly with emissive probe tip attached 
and RF-compensation circuit. (Right) Tungsten loop probe tip.  
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Figure 5.5: (Left) Sample of smoothed I-V curves at multiple heating currents. 
(Right) Derivative curves of each I-V curve at different heating currents. 
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The thoriated-tungsten probe tip emits electrons at a constant heating current while 

the probe bias is swept across a voltage potential range of interest. A current-voltage (I-

V) trace is generated for that particular heating current. Several traces are recorded for 

multiple heating currents at the same thruster operating condition and at the same probe 

location. 

Plasma potential is determined using the Inflection Point Method.29-30 The derivatives 

for each curve are calculated to determine the voltage associated with the maximum of 

the -dI/dV curve shown in Fig 5.5 (right). The associated voltage for each maximum is 

plotted for each curve against the difference in current between the ion saturation current 

of the emitting case and the ion saturation current of a non-emitting case as shown in Fig 

5.6 (left). A linear trend can be inferred from this data and the voltage for the non-

emitting case can be calculated as the voltage at which the difference in current is zero 

illustrated in Fig 5.6 (right). This voltage is the local plasma potential. 
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Figure 5.6:  (Left) Sample plot of difference in ion current (ion current collected for 
the non-emitting case – ion current collected during emission) vs. the voltage at 
which the maximum derivative occurs. (Right) Sample linear trend line fitted to 
data to determine local plasma potential at point of zero emission. 



 

37

Electron emission from the thoriated-tungsten tip is achieved by providing a constant 

DC current from a Xantrex XPD 60-9 power supply. A Keithley 2410 Sourcemeter is 

used to bias the probe as well as collect the current emitted and current collected at the 

probe tip. These values are all recorded using an Agilent 34970A data acquisition unit 

(DAQ). LabView is used to control the instruments and capture the I-V trace. Excel is 

used to plot the data, calculate each curve derivative, find each curve maximum, and 

predict the potential at a point of zero emission. To prevent noise from affecting the 

derivative of the I-V trace leading to false maximum values, LOESS smoothing is used 

with a smoothing parameter of 0.1.  

Uncertainty from the use of the inflection point method is on the order of േ ௘ܶ/10 

which is calculated to range between 0.2 V and 0.6 V in this work. Probe tip heating 

produces an offset of the resulting plasma potential due to a voltage drop across the entire 

probe circuit of approximately half of the heating voltage applied. The potential drop 

across the probe tip is estimated to be approximately (3.5-5) V for all cases; all emissive 

probe data is inflated by (3.5-5) V. Total instrument uncertainty is about 0.03%.31-32 Error 

due to smoothing falls within the error of the inflection point method and is considered 

negligible in comparison. 
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5.3.2 Retarding Potential Analyzer 

 

The IEDF is required to determine the most probable voltage or the potential 

associated with the accelerated ion beam. The IEDF is measured using a four-grid, AFRL 

designed Retarding Potential Analyzer (RPA).33 

The RPA in this study has four grids and an ion current collector. As illustrated in Fig 

5.7, the order of the grids from plasma to collector is:  floating, electron repulsion, ion 

repulsion, electron suppression, and a solid copper collector that is 0.8 mm thick and 3.15 

cm in diameter.9 All the RPA grids are made of 316 stainless steel and are each 203-μm 

thick with a collection diameter of 3.15 cm. Each grid has a 31% transparency with 

aperture diameters of 229-μm arranged at a 394-μm pitch in a hexagonal hole pattern. 

The RPA is oriented along the centerline of the discharge chamber with the floating grid 

Figure 5.7: Electrical schematic of four-grid, AFRL designed RPA. 
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facing the open end of the Helicon ion thruster. The chassis of the RPA remains floating 

during data collection along with the floating front grid. Preliminary sweeps were 

recorded for both floating and grounded chassis configurations with negligible difference 

in sweep behavior. The electron repulsion grid is biased negative to ground in order to 

prevent electrons from entering the RPA. The ion repulsion grid is swept across a voltage 

range of interest until the current on the collector reaches zero. The electron suppression 

grid is biased negative relative to ground to prevent electrons that are sputtered from the 

collector from being collected on the ion repulsion grid. 

During data collection, all grid biases are held constant except for the ion repulsion 

grid. An I-V trace from the current measured on the collector is generated as the ion 

repulsion grid sweeps across a voltage range of interest until current collection reaches 0 

A. The negative derivative of the I-V trace is calculated as shown in Fig. 5.8. The 

derivative represents the distribution of ion energies. The associated voltage for the 

maximum -dI/dV value is the uncorrected most probable voltage. To calculate the 

corrected most probable voltage, the plasma potential must be subtracted as illustrated in 

Eq. 2.3. This analysis method is described in Reference 34. 

Figure 5.8: Sample smoothed I-V curves from RPA (Left). Sample derivative trace 
of I-V curve (Right). 
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Ion current is collected using a Keithley 6485 Picoammeter. Ion repulsion grid 

voltage is supplied by a Keithley 2410 Sourcemeter. These values are collected by the 

DAQ and stored in LabView. Before taking measurements at each operating condition, 

the RPA bias scheme is optimized by adjusting the potential of the electron repulsion and 

electron suppression grids separately, while in the plasma plume, until maximum ion 

current is collected.  

Error for this analysis method of the IEDF sweeps is approximately ± 4%.9 Total 

instrument uncertainty (accounting for error in picoammeter, sourcemeter, and DAQ) is 

less than 0.03%.31-32 Error due to smoothing falls within the error of the analysis method 

and is considered negligible in comparison. 

 

5.3.3 RF-Compensated Langmuir Probe 

The final diagnostic, an RF-compensated Langmuir probe, determines the electron 

temperature and ion number density in the plasma plume. The Langmuir probe also 

provides an alternative plasma potential measurement for determining electron 

temperature along with the plasma floating potential. 

 
Figure 5.9: (Left) RF-compensated probe assembly with Langmuir probe tip 
attached and modified compensation circuit. (Right) Planar tungsten probe tip. 
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The same probe assembly as described in Sec. 4.3.1 is used for the Langmuir probe. 

In order to filter the RF waves during data collection as a Langmuir probe, the toroids are 

placed in series ahead of the probe tip in the signal line. A planar tungsten probe tip of 

diameter (݀௣௥௢௕௘) 7.62 mm replaces the thoriated-tungsten loop as emission is not 

desired. Probe orientation is again perpendicular to bulk propellant flow and the magnetic 

field.30 The plane of the probe tip disc is parallel to the exit plane of the thruster.  

Ion current collected on the probe tip is recorded as the probe bias is swept over a 

voltage range of interest ending when the curve knees over reaching the electron 

saturation current. In order to calculate electron temperature and ion number density, 

several potentials of interest must first be determined. The floating potential ( ௙ܸ) is the 

voltage where collected current is zero. Since the probe structures inside the chamber are 

not connected to ground, the floating potential represents the lowest potential available 

from the point of view of the plasma. Ion saturation current (ܫ௜௦) must be collected at least 

60 V below the plasma potential and for all cases is assumed to be the current from the I-

V trace at -60 V.9 Plasma potential is determined as the voltage at which two linear trend 

lines corresponding to the two different sloped portions of the log plot of the I-V trace 
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Figure 5.10:  (Left ) Sample I-V curves from Langmuir probe voltage sweep. (Right) 
Sample log plot of I-V curve with intersecting trend lines to determine plasma 
potential. 
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intersect as shown in Fig. 5.10 (right).9 Plasma potential measured by the Langmuir probe 

is used primarily for calculation of electron temperature as the emissive probe is a more 

accurate method of plasma potential measurement.  

Electron temperature is determined via the positive slope of the increasing portion of 

the I-V trace calculated using Eq. 5.2. Ion number density in ions/݉ଷ is calculated using 

Equation 5-3.  

௘ܶሺܸ݁ሻ ൌ
௏೛ି௏೑
ହ.ଶ

     Eq. 5.235 

 

݊௜ ൌ ሺ4.3 ൈ 10ଵହሻ ூ೔ೞ
ඥ ೐்ሺௗ೛ೝ೚್೐ሻమ

    Eq. 5.335 

 

Current is collected using a Keithley 6485 Picoammeter. The voltage sweep is 

supplied by a Keithley 2410 Sourcemeter. These values are collected by the DAQ and 

stored in LabView. Uncertainty using this method of calculating electron temperature has 

an uncertainty of േ17%.35 Uncertainty associated with the ion number density calculation 

is േ50%.35 Total instrument uncertainty includes the picoammeter, sourcemeter, and 

DAQ and is less than 0.03%.30-31 

 

5.4 Uncertainty Analysis 

 

Equipment and diagnostic uncertainties are summarized in Table 5.1. Equipment 

uncertainties include resolution and measurement uncertainty as well as accuracy 

limitations. Diagnostic uncertainties include the analysis method error as well as 

affiliated instrument uncertainties not captured in the general equipment errors.  
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Diagnostic uncertainties are combined in Table 5.2 to summarize the error associated 

with each plasma property measurement. These errors are used in the formation of the 

vertical error bars displayed on the experimental results presented in Chapter VI with the 

exception of the emissive probe voltage offset. Emissive probe plasma potential values 

presented in this work are not corrected for the heating voltage offset  used for electron 

emission. All plasma potential values measured by the emissive probe are increased 

artificially by 3.5 to 5 V. Conversely, corrected most probable voltage values are 

artificially decreased by 3.5 to 5 V. Experimental results are also not altered to reflect the 

equipment errors listed in Table 5.1. 

 
Table 5.1:  Summary of equipment and diagnostic uncertainty. 
 

Equipment Uncertainty 
RF System Assembly േ 1 W & േ 0.05 SWR 
Mass Flow Controller േ 4-7% 
Linear Motion Tables േ 159 µm 
Ionization Gauge + 20% to -10% 

  

Diagnostic Analysis Instrument Offset 
Emissive Probe േ ௘ܶ/10 V 0.03% 3.5 – 5 V* 
RPA േ 4% 0.03% - 
Langmuir Probe See Table 5.2 0.03% - 

*not reflected in experimental results 

 

Table 5.2:  Plasma property uncertainties due to diagnostic and analysis errors 
specific to the presented experimental results in Chapter VI of this work. 
 

Plasma Property Uncertainty 
Most Probable Voltage േ 4.03% 
Plasma Potential േ 1 V 
Electron Temperature േ  17.03% 
Ion Number Density േ  50.03% 
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CHAPTER VI 
 
 
 

RESULTS 
 
 
 

6.1 Neutral Ingestion Effects on Plasma Properties 

 

The first portion of this study considers the effect of neutral ingestion caused by 

facility background pressure on individual plasma properties. Each property is considered 

in isolation for a thruster operating condition of 2 sccm argon volumetric flow rate, 340 G 

magnetic field strength in the source region, and approximately 100 W RF power. 

Properties considered include plasma potential, floating potential, the most probable 

voltage of the IEDF, the half maximum widths of the IEDF, electron temperature, ion 

number density, and ion saturation current. Measurements are recorded on the thruster 

centerline along the thruster’s main axis with the 0 location representing the exit plane 

and numerically positive positions on the axis corresponding to locations of increasing 

distance downstream of the thruster exit as depicted in Fig 5.2 

 

6.1.1 Neutral Ingestion Effects on Plasma Properties at the ‘High-Pressure 

Condition’ 

The IEDF for the ‘high-pressure condition’ is measured from a distance of 79 mm 

upstream of the exit plane to a distance of 66 mm downstream of the exit plane. IEDFs 

become shorter and shift towards lower voltages as measurements move in the 

downstream direction as illustrated in Fig. 6.1. The uncorrected most probable voltage 

decreases from 29 V at a distance of -79 mm from the exit plane to 10 V at a distance of 

66 mm from the exit plane with an average decrease of 0.13 V/mm along the thruster 
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centerline as shown in Fig. 6.2. Local plasma potential is a maximum of 4 V at the exit 

plane and decreases to about 1 V at a location of 66 mm downstream. The average 

decrease in plasma potential is ~0.05 V/mm. Corrected most probable voltage decreases 

linearly upon exiting the thruster. 

 

  
Figure 6.1:  IEDFs recorded on thruster centerline for 2 sccm argon volumetric flow 
rate, 100 W RF power, and 340 G magnetic field strength thruster operating 
conditions at the ‘high-pressure condition.’ 
 

 
Figure 6.2:  Most probable voltages recorded on thruster centerline for 2 sccm 
argon volumetric flow rate, 100 W RF power, and 340 G magnetic field strength 
thruster operating conditions at the ‘high-pressure condition.’ 
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Figure 6.3: Potentials of interest recorded on thruster centerline by the emissive 
probe (E.P.) and the Langmuir probe (L.P.) for 2 sccm argon volumetric flow rate, 
100 W RF power, and 340 G magnetic field strength thruster operating conditions 
at the ‘high-pressure condition.’ 
 

Potentials of interest include the plasma potential and floating potential measured by 

the Langmuir probe and the plasma potential measured by the emissive probe. Floating 

potential increases from the thruster exit from -3 V reaching a maximum of 2.65 V at a 

distance of 66 mm downstream of the exit plane after which it linearly decreases to 1 V at 

a distance of 216 mm from the exit plane. Plasma potential measured by the Langmuir 

probe decreases from 8 V to 5 V from the thruster exit plane to a distance of 66 mm 

downstream of the exit plane after which it remains steady fluctuating within 1 V of the 5 

V value for the remaining 150 mm as seen in Fig. 6.3. Both the emissive probe and 

Langmuir probe plasma potentials decrease at a rate of 0.05 V/mm from the exit plane to 

a location 66 mm downstream of the exit plane. 

Electron temperature for the ‘high-pressure condition’ is 2 eV at the exit plane and 

decreases to 0.5 eV at a location 66 mm downstream of the exit plane. For the remaining 

150 mm, electron temperature remains within 0.5 eV of this minimum value as shown in 

Fig. 6.4.  
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Figure 6.4:  Electron temperatures recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at the ‘high-pressure condition.’ 
 

Figure 6.5:  Ion densities recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at the ‘high-pressure condition.’ 
 
 

Ion number densities are calculated from the associated electron temperatures along 

the thruster axis using Eq. 5.3. Ion density increases from 2.3 ൈ 10ଵସ to 6.9 ൈ 10ଵସ 

ions/݉ଷ from the exit plane to a distance 66 mm downstream of the exit plane. For the 

remaining 150 mm, ion density asymptotically approaches a value of 4.1 ൈ 10ଵସ 

ions/݉ଷ.  
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6.1.2 Neutral Ingestion Effects on Plasma Properties at the ‘Low-Pressure 

Condition’ 

The IEDF for the low-pressure condition is measured from a distance of 79 mm 

upstream of the exit plane to a distance of 216 mm downstream of the exit plane. IEDFs 

become shorter while the most probable voltages increase with increasing distance from 

the exit plane as shown in Fig. 6.6. The most probable voltage increases from 61 V at a 

distance of 79 mm upstream of the exit plane to 82 V at the exit plane, the largest 

increase in most probable voltage across the full range of interest as shown in Fig. 6.7. 

After exiting the thruster, the most probable voltage increases another 9 V to a final value 

of 91 V at a distance of 216 mm downstream of the exit plane. Plasma potential measured 

by the emissive probe on the other hand, decreases from 49 V at the thruster exit to 44 V 

at a distance of 16 mm downstream of the exit plane and then increases to 67 V at a 

distance of 66 mm from the exit plane. This behavior in plasma potential results in a 

corrected most probable voltage that increases from 33 V to 41 V over the 16 mm 

distance downstream of the exit plane and then falls to 21 V at a location of 66 mm 

downstream of the exit plane. This behavior is in opposition to the plasma potential 

determined using the Langmuir probe shown in Fig. 6.8. 
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Figure 6.6:  IEDFs recorded on thruster centerline for 2 sccm argon volumetric flow 
rate, 100 W RF power, and 340 G magnetic field strength thruster operating 
conditions at the ‘low-pressure condition.’ 

 

 
Figure 6.7:  Most probable voltages recorded on thruster centerline for 2 sccm 
argon volumetric flow rate, 100 W RF power, and 340 G magnetic field strength 
thruster operating conditions at the ‘low-pressure condition.’ 
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Plasma potential measured by the Langmuir probe increases from 65 V at the exit 

plane to 72 V at a distance of 16 mm downstream of the exit plane before decreasing to 

45 V at a distance of 66 mm from the exit plane. Plasma potential than oscillates between 

66 V and 45 V up to a distance of 216 mm downstream of the exit plane. This oscillating 

behavior is also observed in the floating potential data that decreases 10 V from a value 

of 33 V at the exit plane to 23 V at a distance of 66 mm downstream of the exit plane. 

Floating potential then oscillates between 55 V and 37 V until a distance of 216 mm from 

the exit plane. Despite the oscillating potentials, electron temperature remains steady at 

approximately 2 eV from a distance of 116 mm to a distance of 216 mm downstream of 

the exit plane as shown in Fig. 6.9. Electron temperature asymptotically approaches 2 eV 

after reaching a maximum temperature of 7 eV at a distance of 16 mm from the exit 

plane. 

Despite a steady decrease in electron temperature, ion number density drops from 

5.3 ൈ 10ଵଷ ions/݉ଷ at the exit plane to 2.8 ൈ 10ଵଷ ions/݉ଷ at a distance of 66 mm 

downstream from the exit plane after which it approaches its final value of 6.7 ൈ 10ଵଷ 

ions/݉ଷat a distance of 216 mm from the exit plane as illustrated in Fig. 6.10. These 

oscillations, however, mostly remain within the 50% error of the ion number density 

estimation. 
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Figure 6.8:  Potentials of interest recorded on thruster centerline by the emissive 
probe (E.P.) and the Langmuir probe (L.P.) for 2 sccm argon volumetric flow rate, 
100 W RF power, and 340 G magnetic field strength thruster operating conditions 
at the ‘low-pressure condition.’ 
 

 
Figure 6.9:  Electron temperature recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at the ‘low-pressure condition.’  
 
 

 
Figure 6.10:  Ion number density recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at the ‘low-pressure condition.’ 
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6.1.3 Comparison of Neutral Ingestion Effects on Plasma Properties Between Both 

Pressure Conditions 

Direct comparison of uncorrected most probable voltage for the two pressure cases 

yields two separate trends. For the ‘low-pressure condition,’ most probable voltage 

increases approximately 20 V inside the thruster over a distance of 79 mm and then 

climbs 10 V in the next 66 mm downstream of the exit plane as shown in Fig. 6.11. The 

‘high-pressure condition’ however, decreases 10 V inside the thruster from a distance of 

79 mm upstream of the exit plane and drops another 10 V within 66 mm of the exit plane 

after exiting the thruster. Despite the different trends in uncorrected most probable 

voltage, corrected most probable voltage for both cases decreases from a distance of 16 

mm to a distance of 66 mm downstream of the exit plane. Differences between the 

corrected most probable voltage for both pressure cases and the uncorrected most 

probable voltage for both pressure cases are shown in Table 6.1. The difference in 

uncorrected most probable voltage from the ‘low-pressure condition’ to the ‘high-

pressure condition’ increases continuously from 31 V at a location 79 mm upstream of 

the exit plane to 79 V at a distance of 66 mm from the exit plane. The difference in 

corrected most probable voltage however reaches a minimum of 12 V at a distance of 66 

mm from the exit plane. 

Electron temperature at the exit plane for the low-pressure case is 4 eV higher than 

the electron temperature for the high-pressure case with a maximum difference of 6 eV at 

a location 16 mm downstream from the exit plane as shown in Fig. 6.12. Electron 

temperature decreases monotonically for both cases from a distance of 16 mm to 216 mm 

downstream of the exit plane to within a 1 eV difference with the ‘low-pressure 
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condition’ still at a higher temperature of 2 eV. Both pressure cases have reached their 

final value by a distance of 116 mm from the exit plane. 

Ion number density is four times higher for the ‘high-pressure condition’ than the 

low-pressure condition’ at the exit plane as shown in Figure 6.13. Ion number density 

increases up to three times its exit plane value for the ‘high-pressure condition’ by a 

distance of 66 mm downstream of the exit plane after which ion number density 

asymptotically decreases approaching its final value of 4.1 ൈ 10ଵସ ions/݉ଷ.  

 
Figure 6.11:  Most probable voltages recorded on thruster centerline for 2 sccm 
argon volumetric flow rate, 100 W RF power, and 340 G magnetic field strength 
thruster operating conditions at both the ‘low-pressure condition’ (Low P) and 
‘high-pressure condition’ (High P). 
 
Table 6.1: Differences in most probable voltages (corrected and uncorrected) 
recorded on thruster centerline for 2 sccm argon volumetric flow rate, 100 W RF 
power, and 340 G magnetic field strength thruster operating conditions between the 
‘low-pressure condition’ and the ‘high-pressure condition.’ 
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Figure 6.12:  Electron temperature recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at both the ‘low-pressure condition’ (Low P) and ‘high-
pressure condition’ (High P).  
 

 
Figure 6.13:  Ion number density recorded on thruster centerline for 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operating conditions at both the ‘low-pressure condition’ (Low P) and ‘high-
pressure condition’ (High P).  
 

 
Figure 6.14:  Ion saturation currents recorded on thruster centerline for 2 sccm 
argon volumetric flow rate, 100 W RF power, and 340 G magnetic field strength 
thruster operating conditions at both the ‘low-pressure condition’ (Low P) and 
‘high-pressure condition’ (High P). 
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Despite differing behaviors, ion number density for both pressure conditions may be 

constant when allowing for analysis error across the distance of interest within each 

pressure condition considered. Ion number density for the ‘high-pressure condition’ 

however, remains consistently greater than ion number density at the ‘low-pressure 

condition’ even when accounting for analysis error. Ion number density behavior for both 

cases follows the trends exhibited in the ion saturation current as shown in Fig. 6.14. The 

magnitude of ion current for both cases is in the 10ି଺ A range with the ion saturation 

current for the ‘high-pressure condition’ consistently greater by a minimum of  1.7 ൈ

10ଵସ A as compared to the ion saturation current at the ‘low-pressure condition.’ 

 

6.2 Neutral Ingestion Effects and Operating Parameters 

 

The next portion of this study considers the effect of neutral ingestion caused by 

facility background pressure on individual plasma properties when changing the thruster 

operating parameters. Plasma properties are measured over an RF power range of 100 W 

to 500 W (up to 700 W for some cases) and a source region magnetic field strength of 

340 G to 500 G (up to 700 G for some cases). The MadHeX replica maintains a 2 sccm 

argon volumetric flow rate for all cases. The magnetic field strength is maintained at 340 

G when changing RF power. The RF power is maintained at 100 W when changing the 

magnetic field strength in the source region. Properties considered include plasma 

potential, floating potential, the most probable voltage of the IEDF, half maximum 

widths of the IEDF, electron temperature, ion number density, and ion saturation current. 
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Measurements are recorded on the thruster centerline at the exit plane except when noted 

otherwise. 

 

6.2.1 Effect of Increasing RF Power on Neutral Ingestion Influence at the ‘High-

Pressure Condition’ 

The IEDFs for the ‘high-pressure condition’ are measured at the thruster exit plane 

over a range of 100 W to 527 W forward RF power. The IEDF for the 100 W case is the 

tallest distribution at the lowest uncorrected most probable voltage of 18 V as shown in 

Fig. 6.15. Uncorrected most probable voltage shifts to higher voltages with increasing RF 

power settling at 30 V for the 527 W case as shown in Fig. 6.16. Conversely, plasma 

potential does not experience a sizable increase and remains between 5 V to 10 V for all 

power levels considered.  

 

 
Figure 6.15:  IEDFs recorded at the exit plane for 2 sccm argon volumetric flow rate 
and 340 G magnetic field strength thruster operating conditions over an RF power 
range of 100 W – 500 W at the ‘high-pressure condition.’ 
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Figure 6.16:  Most probable voltages (corrected) recorded at the exit plane for 2 
sccm argon volumetric flow rate and 340 G magnetic field strength thruster 
operating conditions over an RF power range of 100 W – 500 W at the ‘high-
pressure condition.’ 
 
 

 
Figure 6.17:  IEDFs for Trials 3 (T3) and 7 (T7) recorded at the exit plane for 2 
sccm argon volumetric flow rate, 214 W RF power, and 340 G magnetic field 
strength thruster operating condition at the ‘high-pressure condition.’ 
 

Figure 6.18:  Potentials of interest recorded at the exit plane y the emissive probe 
(E.P.) and the Langmuir probe (L.P.) for 2 sccm argon volumetric flow rate and 340 
G magnetic field strength thruster operating conditions over an RF power range of 
100 W – 500 W at the ‘high-pressure condition.’ 
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Further examination of the 214 W condition on Fig. 6.17 shows two distinct 

maximums on the IEDF for the third trial (T3) at 2 sccm argon volumetric flow rate and 

340 G magnetic field strength. The seventh trial (T7) at the 214 W condition shows a 27 

V wide, single maximum distribution. Changes observed in the distribution profile may 

be due to probe resolution or indicate an oscillating RF sheath or a non-steady state 

Double Layer condition.20 

The corrected most probable voltages for T3 of the 214 W condition shown in Fig 

6.16 are 18 V and 28 V. The 327-W RF power condition may also have two distinct ion 

energy populations upon examination of Fig. 6.15. These two populations shown on Fig. 

6.16 are located at 8 V and 24 V with the lower energy population close to the 8.5 V 

plasma potential. The primary corrected most probable voltage populations are 

considered to be the voltages at which the absolute maximum of each ion energy 

distribution is located. All primary corrected most probable voltages follow the behavior 

of the uncorrected most probable voltages across the full range of RF powers considered.  

 
Figure 6.19:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over an RF power range of 100 W – 500 W at the ‘high-pressure 
condition.’ 
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Plasma potential determined using emissive probe data is recorded for RF power 

levels ranging from 101 W to 521 W. The electron temperature and ion number density 

from the Langmuir probe is recorded over a range of 105 W to 510 W RF power. Both 

traces are displayed in Fig. 6.18. Plasma potential recorded using the emissive probe 

measures between 5 V to 10 V across the entire range of RF power levels. Plasma 

potential measured from the Langmuir probe is within േ6 V of the 10 V potential at the 

100 W RF power condition. Plasma potential measured from the Langmuir probe I-V 

sweeps follows the behavior of the floating voltage that stays within േ6 V of the -3 V 

floating voltage at the 100 W RF power condition. 

Electron temperature determined from the Langmuir probe sweeps stays between 2.3 

eV and 3 eV across the entire range of RF power considered as shown in Fig. 6.19. Ion 

number density from the Langmuir probe data remains relatively constant up to the 300 

W case after which ion number density increases from 2.5 ൈ 10ଵସ ions/݉ଷ to 7.0 ൈ 10ଵସ 

ions/݉ଷ over the last 200 W of the RF power range as shown in Fig. 6.20. 

 

Figure 6.20:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over an RF power range of 100 W – 500 W at the ‘high-pressure 
condition.’ 
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6.2.2 Effect of Increasing RF Power on Neutral Ingestion Influence at the ‘Low-

Pressure Condition’ 

The IEDF for the ‘low-pressure condition’ and corresponding most probable voltages 

are recorded over an RF power range of 116 W to 319 W at a distance of 16 mm from the 

exit plane. Ion energies are recorded in power ranges adjacent to the 214 W condition due 

to interest in the double peaked IEDF observed for the ‘high-pressure condition.’ IEDFs 

are recorded at a distance of 16 mm downstream of the exit plane instead of at the 

thruster exit to increase the likelihood of observing Double Layer formation should one 

exist at the ‘low-pressure condition.’ By recording downstream of the expected Double 

Layer, any Double Layer formed at any point upstream of the RPA will be captured on 

the IEDF.19 The inconsistency in Double Layer formation at the ‘high-pressure condition’ 

may be due to its formation on the exit plane, a source of error eliminated in the 

measurements for the ‘low-pressure condition’ by measuring the IEDF at a distance of 16 

mm downstream of the exit plane. 

IEDFs pictured in Fig. 6.21 are single peaked and increase in most probable voltage 

from 90 V at the 116 W condition to 135 V at the 319 W condition. Plasma potential 

measured from the emissive probe ranges between 49 V and 26 V and still yields a 

consistently increasing corrected most probable voltage. The most probable voltage rises 

at a rate of approximately 0.26 V/W from 41 V at the 116 W operating condition to 94 V 

at the 319 W operating condition as shown in Fig 6.22. It is important to note that the 

most probable voltage is corrected using plasma potential measurements at the exit plane, 

the trends however are expected to remain. 
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Figure 6.21:  IEDFs recorded at a distance of 16 mm from the exit plane for 2 sccm 
argon volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over an RF power range of 116 W – 319 W at the ‘low-pressure 
condition.’ 
 
 

 
Figure 6.22:  Most Probable Voltage (corrected) recorded at a distance of 16 mm 
from the exit plane for 2 sccm argon volumetric flow rate and 340 G magnetic field 
strength thruster operating conditions over an RF power range of 116 W – 319 W at 
the ‘low-pressure condition.’ 
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behavior however is repeated by the floating potential that increases from 38 V at the 100 

W operating condition to 130 V at the 485 W operating condition as shown in Fig. 6.23.  
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Figure 6.23:  Potentials of interest recorded by the emissive probe (E.P.) and the 
Langmuir probe (L.P.) at the exit plane for 2 sccm argon volumetric flow rate and 
340 G magnetic field strength thruster operating conditions over an RF power range 
of 100 W – 500 W at the ‘low-pressure condition.’ 
 

 
Figure 6.24:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over an RF power range of 100 W – 500 W at the ‘low-pressure 
condition.’ 
 

 
Figure 6.25:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over an RF power range of 100 W – 500 W at the ‘low-pressure 
condition.’ 
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Electron temperature averages approximately 5.7 eV with a deviation of 0.4 eV up 

until 300 W after which electron temperature drops to 1.7 eV at the 417 W operating 

condition as shown in Fig. 6.24. Ion density shown in Fig. 6.25 remains relatively 

unchanged until the 417 W condition when it increases three times its density at 307 W 

RF power from 1.17 ൈ 10ଵସ ions/݉ଷ to 3.25 ൈ 10ଵସ ions/݉ଷ and almost 5.5 times from 

417 W to 485 W RF power when ion number density increases to a final value of 

1.75 ൈ 10ଵହ ions/݉ଷ. 

 

6.2.3 Comparison of the Effect of Increasing RF Power on Neutral Ingestion 

Influence at Both Pressure Conditions 

Direct comparison of most probable voltages in Fig. 6.26 shows that for both pressure 

cases, most probable voltage increases with increasing RF power through the 300 W 

condition. The ‘high-pressure condition’ however only increases 15 V over the 200 W 

increase achieving a maximum of 33 V uncorrected most probable voltage. The ‘low-

pressure condition’ most probable voltage on the other hand increases three times that 

amount from 90 V to 135 V over the same 200 W increase. The corrected most probable 

voltage increases 16 V and 53 V over the 200 W increase for the ‘high-pressure and ‘low-

pressure conditions,’ respectively. For all comparable RF powers, the ‘low-pressure 

condition’ corrected most probable voltages are 33 V to 70 V higher than the ‘high-

pressure condition’ corrected most probable voltages including consideration of the 

possible second populations at the 200 W and 300 W operating conditions. 

Examining electron temperatures shown in Fig. 6.27 shows that the ‘low-pressure 

condition’ temperatures remain relatively constant until the 300 W condition after which 

they hit a minimum of 1.7 eV. Increasing RF power at the ‘high-pressure condition’ 
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minimally effects electron temperature with limited fluctuations of up to േ0.5 eV across 

the full range of consideration.  

 

 
Figure 6.26:  Most probable voltage (corrected) recorded for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over a range of 100 W – 300 W RF power at both the ‘low-pressure 
condition’ (Low P) at a distance of 16 mm from the exit plane and ‘high-pressure 
condition’ (High P) on the exit plane. 
 

 
Figure 6.27:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over a range of 100 W – 500 W RF power at both the ‘low-pressure 
condition’ (Low P) and ‘high-pressure condition’ (High P). 
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Figure 6.28:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over a range of 100 W – 500 W RF power at both the ‘low-pressure 
condition’ (Low P) and ‘high-pressure condition’ (High P).  
 

 

 
Figure 6.29:  Ion saturation currents recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over a range of 100 W – 500 W RF power at both the ‘low-pressure 
condition’ (Low P) and ‘high-pressure condition’ (High P). 
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to 1.75 ൈ 10ଵସ ions/݉ଷ that exceeds the 5.4 ൈ 10ଵସ ions/݉ଷ ion number density of the 

‘high-pressure condition’ at the 510 W RF power operating condition. This abrupt 

increase in ion number density is greatly influenced by the sharp increase in ion 

saturation current for the 485 W operating condition at the ‘low-pressure condition.’ 

Curve behavior for ion number density at both pressure conditions follows the trends 

exhibited by the affiliated ion saturation currents shown in Fig 6.29.  

 

6.2.4 Effect of Increasing Magnetic Field Strength on Neutral Ingestion Influence at 

the ‘High-Pressure Condition’ 

The IEDFs for the ‘high-pressure condition’ for increasing magnetic field strengths in 

the source region are recorded for magnetic field strengths of 340 G to 700 G at the 

thruster exit plane for 2 sccm volumetric flow rate of argon and 116 W RF power. The 

IEDFs decrease in height as shown in Fig. 6.30. 

Most probable voltages experience a minor increase of 8 V across the entire 360 G 

increase in magnetic field strength. Corrected most probable voltages for 340 G to 500 G 

magnetic field strength increase 7 V with increasing magnetic field strength as shown in 

Fig. 6.31. These negative potentials registered on the emissive probe are most likely due 

to negative-sheath effects during probe tip emission and will not be used for comparison 

in this work.36  

Plasma potential measured by the Langmuir probe increases to 22 V at the 400 G 

operating condition but then remains within േ2.5 V of the final plasma potential value of 

11.5 V at 700 G magnetic field strength as shown in Fig. 6.32. Floating potential remains 

within +2.5 V and – 5.5 V across the entire range of magnetic field strengths considered. 

Electron temperature displayed in Fig. 6.33 exhibits similar behavior to the plasma 
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potential measured by the Langmuir probe with a minimum of 1.5 eV at 600 G, a 

maximum of 5 eV at 400 G and staying within 1.5 eV to 3 eV for all magnetic strengths 

considered at 500 G and over. 

Ion number density plotted in Fig. 6.34 stays in the 1.7 ൈ 10ଵସ ions/݉ଷ to 2.7 ൈ 10ଵସ 

ions/݉ଷ range across the entire magnetic field strength range except for the 400 G 

operating condition with a value of 7.5 ൈ 10ଵଷ ions/݉ଷ. All conditions, except for the 

400 G operating condition, may remain constant within the uncertainty of the ion number 

density analysis. 

 

 
Figure 6.30:  IEDF recorded at the exit plane for 2 sccm argon volumetric flow rate 
and 116 W RF power operating conditions over a range of 340 G – 700 G magnetic 
field strength at the ‘high-pressure condition.’ 

 

 
Figure 6.31:  Most probable voltage (corrected) recorded at the exit plane for 2 sccm 
argon volumetric flow rate and 116 W RF power operating conditions over a range 
of 340 G – 700 G magnetic field strength at the ‘high-pressure condition.’ 
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Figure 6.32:  Potentials of interest recorded by the emissive probe (E.P.) and the 
Langmuir probe (L.P.) at the exit plane for 2 sccm argon volumetric flow rate and 
100 W RF power operating conditions over a range of 340 G – 700 G magnetic field 
strength at the ‘high-pressure condition.’ 
 

 
Figure 6.33:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 116 W RF power operating conditions over a range of 340 
G – 700 G magnetic field strength at the ‘high-pressure condition.’  
 

 
Figure 6.34: Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 116 W RF power operating conditions over a range of 340 
G – 700 G magnetic field strength at the ‘high-pressure condition.’ 
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6.2.5 Effect of Increasing Magnetic Field Strength on Neutral Ingestion Influence at 

the ‘Low-Pressure Condition’ 

The IEDFs for 2 sccm argon and 100 W RF power are plotted for increasing source 

region magnetic field strength from 340 G to 700 G at a distance of 56 mm from the exit 

plane for the ‘low-pressure condition.’ Distributions drop in height as shown in Fig. 6.35 

while the most probable voltage stays between 82 V and 89 V as shown in Fig. 6.36. The 

plasma potential measured by the emissive probe drops 26 V between the 340 G and the 

400 G operating condition after which it remains between 19 V and 23 V. In turn, the 

corrected most probable voltage increases 25 V between the 340 G and the 400 G 

operating condition and then remains between 58 V to 69 V up to 600 G operating 

condition. 

Langmuir probe measurements are recorded at the exit plane for the first three 

magnetic field strengths under consideration. Plasma potential measured using the 

Langmuir probe decreases steadily from 65 V to 51 V at the 500 G operating condition. 

The floating voltage stays within 33 – 42 V across the full magnetic field range of interest 

as shown in Fig 6.37. 

Plasma potential drops between the 340 G and 400 G operating conditions and rises 

back up by the 500 G operating condition for both sets of probe data. Electron 

temperature calculated using the Langmuir probe stays between 5.6 eV and 3.2 eV across 

the 160 G increase illustrated in Fig. 6.38. Ion densities for the exit plane of the Helicon 

ion thruster change marginally over the 160 G range of consideration with a maximum of 

5.8 ൈ 10ଵଷ ions/݉ଷ and a minimum of 4.7 ൈ 10ଵଷ ions/݉ଷ as shown in Fig. 6.39.  Ion 

number density may be constant within the uncertainty of the analysis. 
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Figure 6.35:  IEDF recorded 56 mm downstream from the exit plane for 2 sccm 
argon volumetric flow rate and 116 W RF power operating conditions over a range 
of 340 G – 700 G magnetic field strength at the ‘low-pressure condition.’  
 

 
Figure 6.36:  Most probable voltages (corrected) recorded 56 mm downstream from 
the exit plane for 2 sccm argon volumetric flow rate and 116 W RF power operating 
conditions over a range of 340 G – 700 G magnetic field strength at the ‘low-
pressure condition.’ 
 

 
Figure 6.37:  Potentials of interest recorded by the Langmuir probe (L.P.) and 
emissive probe (E.P.) at the exit plane for 2 sccm argon volumetric flow rate and 100 
W RF power operating conditions over a range of 340 G – 500 G magnetic field 
strength at the ‘low-pressure condition.’ 
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Figure 6.38:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 100 W RF power operating conditions over a range of 340 
G – 500 G magnetic field strength at the ‘low-pressure condition.’ 
 
 

 
Figure 6.39:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 100 W RF power operating conditions over a range of 340 
G – 500 G magnetic field strength at the ‘low-pressure condition.’ 
 
 
6.2.6 Comparison of the Effect of Increasing Magnetic Field Strength on Neutral 

Ingestion Influence at Both Pressure Conditions 

Uncorrected most probable voltages deviate only 8 V from the 340 G operating 

condition across the entire range of magnetic field strengths considered for both pressure 

conditions as illustrated in Fig. 6.40. Corrected most probable voltage for the ‘low-

pressure condition’ is always a minimum of 31 V higher than the corrected most probable 

voltage for the ‘high-pressure condition. 
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Figure 6.40: Most probable voltage (corrected) recorded for 2 sccm argon 
volumetric flow rate and 100 W RF power thruster operating conditions over a 
range of 340 G – 700 G magnetic field strength at both the ‘low-pressure condition’ 
(Low P) at a distance of 56 mm from the exit plane and the ‘high-pressure 
condition’ (High P) on the exit plane. 

 

 
Figure 6.41:  Electron temperatures recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 100 W RF power thruster operating conditions over a 
range of 340 G – 700 G magnetic field strength at both the ‘low-pressure condition’ 
(Low P) and the ‘high-pressure condition’ (High P). 
 

 
Figure 6.42:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 100 W RF power thruster operating conditions over a 
range of 340 G – 700 G magnetic field strength at both the ‘low-pressure condition’ 
(Low P) and the ‘high-pressure condition’ (High P).  
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Figure 6.43:  Ion saturation currents recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 100 W RF power thruster operating conditions over a 
range of 340 G – 700 G magnetic field strength at both the ‘low-pressure condition’ 
(Low P) and the ‘high-pressure condition’ (High P). 
 
 

Electron temperature displayed in Fig. 6.41 does not exhibit any distinctive behavior 

between the two pressure cases unless the 400 G operating condition is excluded. 

Excluding the 400 G case allows for the assertion that the electron temperature is always 

higher for the ‘low-pressure condition’ for the additional three magnetic field strengths 

considered. Ignoring the 400 G operating condition in Fig. 6.42 permits the 

generalization that ion number density is always higher for the ‘high-pressure condition’ 

which agrees with the ion saturation currents collected and shown in Fig. 6.43. Ignoring 

the 400 G operating condition again allows the assertion that ion number density and ion 

saturation currents change minimally over the full range of magnetic field strengths 

considered for both pressure conditions. Unaccounted probe errors are thought to have 

occurred during data collection at the 400 G operating condition making Langmuir probe 

data collected at that condition unreliable. 
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6.3 The Effects of Increased Volumetric Flow Rate at the ‘Low-Pressure Condition’ 

Compared to the Effects of Neutral Ingestion at the ‘High-Pressure Condition’ 

 

After establishing the differences in plasma properties due to neutral ingestion in the 

previous two sections, this portion of the study estimates the magnitude of the plasma 

property changes due to increased flow rate. Plasma properties are measured over an 

argon volumetric flowrate of 1.3 sccm to 60 sccm at the ‘low-pressure condition.’ For all 

trials, a source region magnetic field strength of 340 G is maintained with an RF power 

level of ~100 W. Properties considered include plasma potential, floating potential, the 

most probable voltage of the IEDF, electron temperature, ion number density, and ion 

saturation current. Measurements are recorded on the thruster centerline at the exit plane. 

 

6.3.1 Results 

The IEDFs shown in Fig. 6.44 shift to lower uncorrected most probable voltages 

when volumetric flowrate increases from 1.3 sccm to 30 sccm argon. The greatest drop in 

V/sccm occurs between the 1.3 sccm and 2 sccm cases at a rate of 37 V/sccm. The next 

largest rate of decrease in most probable voltage occurs between the 2 sccm and 4 sccm 

cases at a rate of 6 V/sccm. After 30 sccm, the rate of change in most probable voltage is 

less than 1 V/sccm while the distributions drop in height. Corrected most probable 

voltage stays between 29 V and 39 V for all operating conditions with the exception of 

the 4 sccm operating condition at 52 V as shown in Fig. 6.45. Plasma potentials measured 

by the emissive probe at 40 sccm and above are negative due to sheath effects at the 

emissive probe tip preventing accurate measurement.36 Most probable voltages are not 

corrected for flow rates above 40 sccm. 
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Figure 6.44:  IEDF recorded at the exit plane for 100 W RF power and 340 G source 
region magnetic field strength operating conditions over a range of 1.3 – 10 sccm 
argon volumetric flow rate (Top) and over a range of 20 – 60 sccm argon volumetric 
flow rate (Bottom) at the ‘low-pressure condition.’ 
 

 
Figure 6.45:  Most probable voltage (corrected) recorded at the exit plane for 100 W 
RF power and 340 G source region magnetic field strength operating conditions 
over a range of 1.3 – 60 sccm argon volumetric flow rate at the ‘low-pressure 
condition.’ 
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Figure 6.46:  Potentials of interest recorded by the Langmuir probe (L.P.) and the 
emissive probe (E.P.) at the exit plane for 100 W RF power and 340 G source region 
magnetic field strength operating conditions over a range of 1.3 – 60 sccm argon 
volumetric flow rate at the ‘low-pressure condition.’ 

Figure 6.47:  Electron temperatures recorded at the exit plane for 100 W RF power 
and 340 G source region magnetic field strength operating conditions over a range 
of 1.3 – 60 sccm argon volumetric flow rate at the ‘low-pressure condition.’ 
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flow rates between 40 sccm and 60 sccm, plasma potential measured using the Langmuir 

probe stays at approximately 47 V to 48 V. Floating potential deviates up to 10 V from 

42 V at the 1.3 sccm operating condition in the first few conditions but returns to 43 V 

-40

-20

0

20

40

60

80

0 10 20 30 40 50 60 70 80

P
ot

en
ti

al
 (

V
ol

ts
)

Volumetric Flow Rate (sccm)

Vp (E.P.)

Vp (Lang)

Vf

0

2

4

6

8

10

0 10 20 30 40 50 60

E
le

ct
ro

n
 T

em
p

er
at

u
re

 (
eV

)

Volumetric Flow Rate (sccm)



 

77

for the 10 sccm operating condition after which floating potential asymptotically 

approaches 20 V with increasing argon volumetric flow rate. 

Electron temperature displayed in Fig. 6.47 shifts between 6 eV and 8.6 eV for flow 

rates of 30 sccm or less. Electron temperature may remain constant from 1.3 sccm to 20 

sccm and from 40 sccm to 60 sccm when accounting for analysis uncertainty. Ion number 

density is a maximum at the 10 sccm operating condition with a value of 4.6 ൈ 10ଵସ 

ions/݉ଷ as shown in Fig 6.48. Above 10 sccm, ion number density asymptotically 

approaches a final value of 1.2 ൈ 10ଵସ ions/݉ଷ at 60 sccm. This behavior is governed by 

the ion saturation trends observed in Fig. 6.49. 

 
Figure 6.48:  Ion number densities recorded at the exit plane for 100 W RF power 
and 340 G source region magnetic field strength operating conditions over a range 
of 1.3 – 60 sccm argon volumetric flow rate at the ‘low-pressure condition.’  

 
 

Figure 6.49:  Ion saturation currents recorded at the exit plane for 100 W RF power 
and 340 G source region magnetic field strength operating conditions over a range 
of 1.3 – 60 sccm argon volumetric flow rate at the ‘low-pressure condition.’ 
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6.4 Neutral Ingestion Effects on Double Layer Formation and RF Coupling Mode 

Transitions 

 

All conditions previously discussed are examined for evidence of the presence of a 

Double Layer or a transition in RF coupling modes. Once a performance metric is 

identified, the corresponding condition at the other operating pressure is examined to see 

if the same performance metric is present. Existence of a Double Layer acceleration 

mechanism is determined by a persistent, double-peaked IEDF. An RF coupling mode 

transition occurs at a discontinuous jump in ion number density. 

 

6.4.1 Double Layer 

After considering all available data, two cases exhibit possible Double Layer 

behavior. The first considered here is the 214 W RF power, 2 sccm volumetric flow rate, 

and 340 G magnetic field strength operating condition at the ‘high-pressure conditions.’ 

Fig. 6.17 is repeated below in which a double peaked IEDF is evident for the third trial at 

the 214 W operating condition but appears as a wider, less distinct distribution for the 

seventh trial. A comparison of the IEDF profile at the 214 W ‘high-pressure condition’ 

with the 207 W IEDF at the ‘low-pressure condition’ is shown in Fig. 6.59. The ‘high-

pressure condition’ has populations of corrected most probable voltages at 18.5 V and 

28.5 V. The ‘low-pressure condition’ does not exhibit double peaked behavior indicative 

of a Double Layer with only one corrected most probable voltage of 82 V.  

Another possible Double Layer occurs at the 327 W RF power, 2 sccm volumetric 

flow rate, and 340 G magnetic field strength operating condition at the ‘high-pressure 

condition.’ A shallow double-peaked profile is generated with corrected most probable 
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voltages of 8 V and 28 V. The ‘low-pressure condition’ does not exhibit double-peaked 

behavior and has only one corrected most probable voltage at 94 V. Profiles in both Fig. 

6.50 and 6.51 for the ‘high-pressure condition’ show shallow peaks close together 

without distinct separation of distributions of the ion populations at each voltage.  

 

 
Figure 6.17:  IEDFs for Trials 3 (T3) and 7 (T7) recorded at the exit plane for 2 
sccm argon volumetric flow rate, 214 W RF power, and 340 G magnetic field 
strength thruster operating condition at the ‘high-pressure condition.’ 
 

 

 
Figure 6.50:  IEDFs recorded at 2 sccm argon volumetric flow rate, 200 W RF 
power, and 340 G magnetic field strength thruster operating condition at the exit 
plane for the  ‘high-pressure condition’ (High P) and 16 mm downstream of the exit 
plane for the ‘low-pressure condition’ (Low P). 
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Figure 6.51:  IEDFs recorded at 2 sccm argon volumetric flow rate, 300 W RF 
power, and 340 G magnetic field strength thruster operating condition at the exit 
plane for the  ‘high-pressure condition’ (High P) and 16 mm downstream of the exit 
plane for the ‘low-pressure condition’ (Low P). 
 
6.4.2 RF Coupling Modes 

Ion number density figures were examined for the presence of an RF coupling mode 

transition in which a discontinuous increase in ion number density occurs. Fig. 6.28 

repeated here shows a sharp increase in ion number density for the 485 W RF power, 2 

sccm volumetric flow rate, and 340 G magnetic field strength operating condition for the 

‘low-pressure condition.’ Ion number density increases from 3.2 ൈ 10ଵସ ions/݉ଷ to 

1.7 ൈ 10ଵହ ions/݉ଷ for the ‘low-pressure condition.’ Ion number density for the high-

pressure condition does not exhibit this behavior remaining in the 10ଵସ ions/݉ଷ range 

across the full RF power range considered. 

 

 
Figure 6.28:  Ion number densities recorded at the exit plane for 2 sccm argon 
volumetric flow rate and 340 G magnetic field strength thruster operating 
conditions over a range of 100 W – 500 W RF power at both the ‘low-pressure 
condition’ (Low P) and ‘high-pressure condition’ (High P).  
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CHAPTER VII 
 
 
 

ANALYSIS 
 
 
 

7.1 Effects of Neutral Ingestion on Plasma Properties 

 

Section 6.1.3 compared the most probable voltage of the IEDF, electron temperature, 

plasma potential, and ion number density between the ‘high-pressure condition’ and 

‘low-pressure condition.’ Values were recorded for MadHeX Replica operation on 2 

sccm argon volumetric flow rate, 100 W RF power, and 340 G magnetic field strength 

along the thruster centerline from 79 mm upstream of the exit plane up to 216 mm 

downstream of the thruster exit plane. Using this data, changes in plume behavior and 

plasma properties are compared to determine the effect of neutral ingestion on Helicon 

ion thruster operation and the physical mechanisms driving those changes. 

 

7.1.1 Ion-Neutral Collisions  

In comparing the plasma properties for both pressure conditions, clear differences 

between the accelerated ion populations exist. Most probable voltages at the ‘high-

pressure condition’ decrease along the thruster axis. This behavior is in contrast to the 

increasing most probable voltages observed while operating at the ‘low-pressure 

condition’ as shown in Fig. 6.11. Trends at the ‘high-pressure condition’ indicate energy 

losses in the IEDFs not observed at the ‘low-pressure condition.’ The accelerated ion 

population at the ‘low-pressure condition’ gains energy as ions accelerate along the 

thruster main axis resulting in increasing most probable voltages correlating with 
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increasing distance from the source region. Accelerated ions at the ‘high-pressure 

condition’ lose energy along the thruster axis most likely due to an increased collision 

rate near the thruster exit plane. 

Collisions concerning the accelerated ion population result in energy exchanges that 

can lead to distribution broadening or, as observed at the ‘high-pressure condition,’ an 

overall reduction in ion energy. Since physical boundaries of the experimental setup are 

maintained between both pressure conditions, the cause for this loss in accelerated ion 

energy at the ‘high-pressure condition’ is thought to be collisions between the accelerated 

ions and ingested neutrals in the thruster plume. Two primary collision types are 

suspected to cause the reduction in ion energy:  charge exchange collisions and 

momentum exchange collisions.  

Charge exchange collisions are prevalent both close to and downstream of the thruster 

exit plane. Charge exchange collisions occur when a fast ion from the thruster ion beam 

collides with a slow moving neutral atom that has traveled into the exhaust plume. This 

interaction results in the formation of a slow ion and a fast neutral atom as shown in 

equation 7.1.5 Newly formed ions resulting from charge exchange collisions may not yet 

gain directionality at the time of measurement prior to becoming accelerated by the 

potential drop in the thruster plume and may not show up as a secondary ion population 

on the IEDF. 

 

ାሺ௙௔௦௧ሻݎܣ ൅ ሺ௦௟௢௪ሻݎܣ 	
⇒ ሺ௙௔௦௧ሻݎܣ ൅  ାሺ௦௟௢௪ሻ    (Eq. 7.1)ݎܣ
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Charge exchange collisions in a Helicon ion thruster result in a reduction of ion 

energy.5 This type of ion energy loss mechanism is more pervasive in a Helicon ion 

thruster, as compared to other EP devices, due to the diffuse nature of the Helicon ion 

beam. In a HET, most ion-neutral collisions occur at the edges of the ion beam protecting 

the core from neutral ingestion effects.5 The IEDFs exhibiting decreasing most probable 

voltages for the Helicon ion thruster are recorded along the thruster centerline, showing 

that neutral ingestion occurs throughout the entire thruster plume structure.  

Momentum exchange collisions also occur near the thruster exit plane resulting in a 

transfer of energy from the accelerated high-energy ions to any species with which the 

ions collide. Collisions of particular interest are those between the accelerated ions and 

the ingested argon neutral atoms as the ingested argon population at the ‘high-pressure 

condition’ is four times greater than the ingested argon population at the ‘low-pressure 

condition’ as shown in Table 7.1. 

Table 7.1:  Comparison of argon neutral ingestion rates for both the ‘Low-Pressure 
Condition’ and ‘High-Pressure Condition’ at 2 sccm argon volumetric flow rate,  
100 W RF power, and 340 G magnetic field strength thruster operation. 
 

Property ‘Low-Pressure Condition’ ‘High-Pressure Condition’ 

1.4 ࢔࢕ࢍ࢘ࢇࡼ ൈ 10ିହ Torr 6.6 ൈ	10ିହ Torr 

 sccm argon 3.8 sccm argon 0.8 ࢊࢋ࢚࢙ࢋࢍ࢔࢏ࡽ

 

A comparison of the mean free paths, calculated using Eq. 7.4, of the ions with 

environmental neutrals from the ‘high-pressure condition’ with the mean free paths of the 

ions with environmental neutrals from the ‘low-pressure condition’ is shown in Table 7.2. 

An additional analysis of collision frequencies at the ‘high-pressure condition’ is also 



 

84

conducted using Eq. 7.2 and shown in Table 7.3. Collision frequency (ν) is a function of 

the ion beam velocity (̅ݒ௕௘௔௠) calculated using Eq. 7.3 and mean free path (ૃ). Mean free 

path is a function of the neutral number density (݊௡) calculated using Eq. 7.5 and the 

collisional cross-section (ߪ) of interest. For charge transfer collisions between argon ions 

and argon neutrals, ߪ ൌ 7 ൈ 10ଵଽ	݉ଶ for ion energies up to 100 eV.37 For momentum 

transfer collisions between argon ions and argon neutrals, ߪ ൌ 1 ൈ 10ଵ଼	݉ଶ.37 Neutral 

number density is a function of the partial pressure of argon ( ௔ܲ௥௚௢௡) and the neutral 

temperature (T) assumed to be 298 K. 

 

ݒ ൌ ௩ത್೐ೌ೘
ఒ

      (Eq. 7.2)1 

 

௕௘௔௠ݒ̅ ൌ ට
ଶ௘ሺ௏೘೛ି௏೛ሻ
௠ೌೝ೒೚೙

     (Eq. 7.3)1 

 

ࣅ ൌ ଵ

௡೙ۦఙۧ
                 (Eq. 7.4) 24 

 

݊௡ ൌ
௉ೌ ೝ೒೚೙

௞್்
     (Eq. 7.5) 24 
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Table 7.2:  Charge exchange collision mean free paths (ߣ஼்) and momentum 
transfer mean free paths (ߣெ்) for both the ‘Low-Pressure Condition’ and ‘High-
Pressure Condition’ at 2 sccm argon volumetric flow rate, 100 W RF power, and 
340 G magnetic field strength thruster operation. 
 

Property ‘Low-Pressure Condition’ ‘High-Pressure Condition’ 

4.54 ࢔࢔ ൈ 10ଵ଻ atoms/݉ଷ 2.14 ൈ 10ଵ଼ atoms/݉ଷ 

 m 0.67 m 3.15 ࢀ࡯ࣅ

 m 0.47 m 2.20 ࢀࡹࣅ

 

Table 7.3:  Charge exchange collision frequencies (ߥ஼்) and momentum transfer 
collision frequencies (ߥெ்) at the ‘High-Pressure Condition’ at 2 sccm argon 
volumetric flow rate, 100 W RF power, and 340 G magnetic field strength thruster 
operation. 
 

Distance from 
Exit Plane 

0 mm 16 mm 66 mm 

࢓)࢓ࢇࢋ࢈ഥ࢜ ⁄࢙ ) 8,267 m/s 7,683 m/s 6,622 m/s 

݈݈݋ܿ) 12,383 ࢀ࡯ࣇ ൗݏ ݈݈݋ܿ) 11,507 ( ൗݏ ݈݈݋ܿ) 9,918 ( ൗݏ ) 

݈݈݋ܿ) 17,690 ࢀࡹࣇ ൗݏ ݈݈݋ܿ) 16,439 ( ൗݏ ݈݈݋ܿ) 14,468 ( ൗݏ ) 

 

Examination of Table 7.2 reveals mean free path lengths at the ‘high-pressure 

condition’ on the same order of magnitude as the 60 cm long distance between the source 

region where ions are formed and the exit plane of the MadHeX Replica. Ions formed in 

the source region during operation at the ‘high-pressure condition,’ will start to lose 

energy due to momentum transfer collisions inside the discharge chamber. Soon after 

exiting the discharge chamber, charge exchange collisions will occur between accelerated 

ions and ingested argon neutrals resulting in additional energy losses for the accelerated 

ion population. Ions formed in the source region during operation at the ‘low-pressure 
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condition’ however, will have on average traveled far beyond the 60 cm long discharge 

chamber length before experiencing either momentum or charge exchange collisions. 

This analysis supports the idea that collisions between the accelerated ion population and 

the ingested argon atoms are responsible for the observed reduction in ion energy 

(decreasing most probable voltage) observed during operation at the ‘high-pressure 

condition.’ A comparison of the collision frequencies between the momentum transfer 

and charge transfer collisions at the ‘high-pressure condition’ in Table 7.3 shows that 

momentum transfer collisions exceed charge exchange collisions across the axis length 

investigated.  

 

7.1.2 Plume Ionization  

While collisions explain the reduction in ion energy, they do not account for the 

overall increase in ion number density at the ‘high-pressure condition’ shown in Fig. 

6.13. The increase in ion population is due to a second neutral-plume interaction as 

neutral ions traveling near the thruster exit undergo ionization due to collisions with hot 

plume electrons or electron excitation from the radio waves broadcast by the thruster 

antenna. These new ions result in an increase in ion population and represent a more 

direct augmentation to thrust as the newly formed ions are also free to undergo 

acceleration due to electric fields present in the thruster exhaust plume.5 

Slow ion formation in the exhaust plume may exist at both pressure conditions but 

leads to a significantly higher ion number density at the ‘high-pressure condition.’ This 

assertion is tested by comparing the ion production rates at both pressure conditions 

calculated using Eq. 7.6 for ions formed via electron impact with plume neutrals. 

Electron number density (݊௘) is assumed to be equal to the ion number density (݊௜) 



 

87

accounting for only singly-charged ions in the exhaust plume. Electron velocity (ݒ௘ഥ ) is 

calculated with Eq. 7.7 using electron temperature and electron mass (݉௘). The argon 

ionization cross section range is assumed constant at ߪ௜ ൌ 1.6 ൈ 10ିଵ଻	݉ଶ.38 The results 

are presented in Table 7.4. 

 

ௗ௡೔
ௗ௧

ൌ ݊௘݊௡ߪ௜̅ݒ௘	 	 	 	 	 ሺEq.	7.6ሻ1	

	

௘ݒ̅ ൌ ට
ଶ௘ ೐்

௠೐
     (Eq. 7.7)	

 
Table 7.4:  Mean free path lengths and ion production rates for plume neutral 
ionization for both the ‘Low-Pressure Condition’ and ‘High-Pressure Condition’ at  
2 sccm argon volumetric flow rate, 100 W RF power, and 340 G magnetic field 
strength thruster operation for plume neutral ionization. 
 

Property ‘Low-Pressure Condition’ ‘High-Pressure Condition’ 

 Ionization 0.14 m 0.03 m ࣅ

Distance from 
Exit Plane 

0 mm 16 mm 66 mm 0 mm 16 mm 66 mm 

࢏࢔ࢊ
࢚ࢊ

ሺ࢙࢔࢕࢏ ࢙ ∙ ૜ൗ࢓ ሻ 5.6 ൈ 10ଶ଴ 5.3 ൈ 10ଶ଴ 2.5 ൈ 10ଶ଴ 6.7 ൈ 10ଶଵ 7.2 ൈ 10ଶଵ 9.4 ൈ 10ଶଵ 

 

The mean free path length for the ‘low-pressure condition’ is 4.7 times longer than 

the plume neutral ionization mean free path length of the ‘high-pressure condition,’ a 

direct result of the higher neutral pressure corresponding to higher neutral argon ingestion 

flow rate. Higher neutral number density leads to the difference in magnitude between the 

‘low-pressure condition’ ion production rates and the ‘high-pressure condition’ ion 

production rates. The high plume ionization rates produce the significantly greater ion 
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number densities observed at the ‘high-pressure condition.’ Higher ion number densities 

will also result in inflated thrust performance discussed in the following section. 

 

7.1.3 Thrust Augmentation  

In order to estimate the thrust generated at each pressure condition, three thrust 

contributors are of interest: thrust due to the accelerated ion beam, thrust due to electron 

pressure, and thrust generated by the acceleration of newly formed plume ions. The 

acceleration of the newly formed plume ions will capture the thrust contribution due to 

neutral ingestion in the thruster exhaust plume resulting in neutral ionization. Thrust 

augmentation due to ion-neutral collisions will be captured in the reduction of the 

corrected most probable voltage. 

While charge exchange collisions cause a reduction in plume energy they ultimately 

result in an increase in thrust as the newly formed ions can still undergo acceleration in 

the plume due to continuing interaction with the thruster magnetic field. Total momentum 

transfer for a charge exchange pair is greater than that of an ion beam without charge 

exchange collisions resulting in greater thrust performance.5 This resulting performance 

inflation is especially powerful when the initial collision does not result in a momentum 

transfer between the fast ion and slow neutral atom. Newly formed ions due to plume 

ionization of neutral atoms also undergo acceleration in the plume contributing to 

increased thrust performance. 

Estimating the magnitude of thrust performance unfortunately is not as simple as 

determining the sources responsible for changes in plasma properties and behavior 

between both pressure conditions. The mechanisms behind plasma detachment in 

magnetic nozzles are currently poorly understood although several theories exist. 
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Understanding detachment and the effect of the magnetic nozzle on the exhaust plume 

structure is necessary for evaluating propulsive performance of the nozzle.39 

Experimental evidence in ion detachment in Helicon Double Layer thrusters has found 

ion detachment to occur within a few centimeters from the thruster exit.40 For these 

reasons, potential thrust values are calculated at an arbitrary distance of 66 mm 

downstream of the thruster exit plane in an effort to capture the effect of plume neutral 

contributions to thrust performance while remaining close to the thruster exit and 

expanding magnetic field lines of the magnetic nozzle. 

In order to calculate the effect of plume neutral ingestion on thrust, three separate 

thrust contributions are calculated from Eq. 7.8.1: the thrust generated by the ion beam 

( పܶ஻തതതത), the thrust due to electron pressure ( ௘ܶ௉തതതത), and the thrust resulting from the 

acceleration of newly formed ions ( పܶ௉തതതത). From Eq. 2.4, thrust contributions can be 

calculated by multiplying the number density of the charged specie population with its 

affiliated temperature as illustrated in Eq. 7.8.2. Equation 7.8.3 is a fully expanded 

version of Eq. 7.8.2 that calculates thrust at a location l = 66 mm where l is the distance 

from the exit plane to the location of interest.  

 

௘ܶ௦௧௜௠௔௧௘ ൌഥ పܶ஻തതതത ൅ ௘ܶ௉തതതത ൅ పܶ௉തതതത    (Eq. 7.8.1) 

 

௘ܶ௦௧௜௠௔௧௘ ≡ 1 ൈ 10ିଵ଼ ׬ ሾ݊௜஻ ௜ܶ஻ ൅ ݊௘ ௘ܶ ൅ ݊௜௉ ௜ܶ௉ሿݎ݀ݎ
௥೛ሺ௭ሻ
଴   (Eq. 7.8.2) 

 

௘ܶ௦௧௜௠௔௧௘,௟ ≡ 1 ൈ 10ିଵ଼ ׬ ൛ሾ݊௜,௔௖௖௘௟	,௟ ൈ ൫ ௠ܸ௣,௟ െ ௣ܸ,௟൯൧ ൅ ⋯
௥೛ሺ௭ሻ
଴   (Eq. 7.8.3) 

… ሾ݊௘,௟ ൈ ௘ܶ,௟ሿ ൅ ሾ൫݊௜,்ை்,௟ െ ݊௜,௔௖௖௘௟,௟൯ሺ∆ ௉ܸ ൈ ݀଴ି௟ሻሿሽݎ݀ݎ    
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Additional assumptions required for thrust calculation include:  1) The accelerated 

ion beam population can be captured by computing the ion number density associated 

with the maximum RPA current collected. Due to LOESS smoothing and removal of 

outliers, this current is representative of the high-energy ion beam only. 2) Electron 

number density is equal to the total ion number density at a given location. 3) Electron 

temperature is representative of the entire electron population (both source electrons and 

plume electrons released during plume neutral ionization) due to electrons’ high mobility 

and likelihood of equilibrating across the electron population. 4) The effect of thrust from 

plume ionization can be captured by computing the thrust contribution from the total ion 

number density as collected by the Langmuir probe (indiscriminant to ion energy) minus 

the ion number density of the high-energy ion beam as collected by the RPA. 5) The 

potential drop experienced by the newly formed ions is equal to the potential drop from 

the exit plane to the location of interest. Since the calculated mean free path lengths are 

longer than the acceleration region lengths of interest, all ions formed in the plume are 

assumed to survive and accelerate to the location of interest and beyond. 6) Due to heavy 

oscillations in plasma potential (a characteristic of capacitively-coupled plasmas), the 

magnitude of the potential drop is calculated based on the slope of a linear trend line 

representative of the plasma potential behavior as seen in Fig. 7.1.41 7) Thrust 

augmentation due to charge exchange collisions is captured in the modification of most 

probable voltages and is not calculated directly. 8) Thrust contribution from neutrals 

exiting the discharge is not considered in this work. 

Calculation of the thrust due to the accelerated ion beam equals the ion number 

density of the accelerated ion population at 66 mm (݊௜,௔௖௖௘௟	,଺଺) times the difference 
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between the most probable voltage at 66 mm ( ௠ܸ௣,଺଺ሻ and the plasma potential at 66 mm 

( ௣ܸ,଺଺ሻ. ௣ܸ,଺଺ is estimated using the equation associated with the corresponding linear 

trend line as shown in Fig. 7.1. The ion number density of the accelerated ion beam is the 

corresponding number density calculated from the maximum current collected by the 

RPA. The contribution to thrust due to electron pressure equals the electron number 

density at 66 mm (݊௘,଺଺) times the electron temperature at 66 mm ( ௘ܶ,଺଺). Electron 

number density is equal to the total ion density at the 66 mm location (݊௜,்ை்,଺଺). The 

thrust contribution from neutrals ionized in the plume and accelerated by local potential 

drops assumes that all the ions at the 66 mm location not affiliated with the ion beam are 

neutrals formed at the exit plane and are accelerated by the potential drop between the 

local plasma potential at the exit plane and the local plasma potential at 66 mm. Due to 

heavy oscillations in plasma potential, this value is represented as the slope of the linear 

trend line representative of the change in plasma potential along the thruster centerline 

(∆ ௉ܸ) times the distance from the exit plane to the area of interest (݀଴ି଺଺). 

The resulting calculated thrust values in Table 7.4 represent an estimate of the 

magnitude of thrust produced by electron pressure (݊௘ ௘ܶ) and magnetic field pressure by 

the ion beam (݊௜஻ ௜ܶ஻) and the newly formed ions downstream of the thruster exit (݊௜௉ ௜ܶ௉) 

on the thruster centerline at a distance of 66 mm downstream of the exit plane. A 

complete estimate of thrust performance is not possible without direct measurement at all 

locations in the exhaust plume. Present working models of magnetic nozzle exhaust 

plumes are unable to predict plasma properties influenced by the magnetic nozzle.42 
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Figure 7.1:  Linear plasma potential trend lines for Langmuir probe plasma 
potential measurements for both the ‘Low-Pressure Condition’ and ‘High-Pressure 
Condition’ at 2 sccm argon volumetric flow rate, 100 W RF power, and 340 G 
magnetic field strength thruster operation. Linear trends calculated based on 
plasma potential measurements from the thruster exit plane to 216 mm downstream 
of the thruster exit plane. 
 

Table 7.5:  Estimated thrust density contributions from the accelerated ion beam 
(݊௜஻ ௜ܶ஻), electron pressure (݊௘ ௘ܶ), and newly ionized plume neutrals (݊௜௉ ௜ܶ௉) 
calculated for the centerline (r = 0 m) at a location 66 mm downstream of the exit 
plane for both the ‘Low-Pressure Condition’ and ‘High-Pressure Condition’ at 2 
sccm argon volumetric flow rate, 100 W RF power, and 340 G magnetic field 
strength thruster operation. 
 

Property ‘Low-Pressure Condition’ ‘High-Pressure Condition’ 

1.7 ࡮࢏ࢀ࡮࢏࢔ ൈ 10ିଶସ ሺܰ/݉ଶሻ 3.1 ൈ 10ିଶହ 	ሺܰ/݉ଶሻ 

1.9  ࢋࢀࢋ࢔ ൈ 10ିଶଷ ሺܰ/݉ଶሻ 1.0 ൈ 10ିଶଶ 	ሺܰ/݉ଶሻ 

1.3 	ࡼ࢏ࢀࡼ࢏࢔ ൈ 10ିଶଷ ሺܰ/݉ଶሻ 1.7 ൈ 10ିଶଶ 	ሺܰ/݉ଶሻ 

 

Initial thrust density estimations presented in Table 7.5 show that the ‘high-pressure 

condition’ produces more than three times the thrust of the ‘low-pressure condition’ 

despite producing an order of magnitude lower thrust from its accelerated ion beam. The 

thrust contributor with the greatest impact on thrust at both conditions is the thrust due to 

Vp = -0.0364(l) + 63.187

Vp = -0.0078(l) +  6.7528
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electron pressure that is directly influenced by plume ionization; electrons released 

during the ionization of plume neutrals raise the electron number density, raising the 

thrust produced by electron pressure. Despite the smaller potential drop available to 

newly formed plume ions (3 eV versus 28 eV for the ‘low-pressure condition’ and 0.3 eV 

versus 4 eV for the ‘high-pressure condition’), the large ion number densities in the 

plume due to plume neutral ionization versus the accelerated ion beam ion number 

densities (2.7 ൈ 10ଵଷ	݅ݏ݊݋/݉ଷ versus 3.9 ൈ 10ଵଵ݅ݏ݊݋/݉ଷ for the ‘low-pressure 

condition’ and 3.5 ൈ 10ଵସ	݅ݏ݊݋/݉ଷ versus 4.8 ൈ 10ଵଵ	݅ݏ݊݋/݉ଷ for the ‘high-pressure 

condition’) result in the second largest contributor to total thrust. When considering the 

ion beam exclusively, greater thrust is calculated to occur at the ‘low-pressure condition.’ 

The accelerated ion beam however cannot compete with the thrust contributions from 

neutrals formed in the plume.  

Due to the large contribution to thrust generated by the plume ions and the enhanced 

population of electrons at both pressure conditions, it is unclear whether plume neutrals 

would still form at such influential numbers when operating in a true vacuum. The total 

number of plume ions that will naturally form as unionized propellant leaves the 

discharge chamber is unclear. Additional tests at lower operating pressure as well as an 

examination of pressure properties inside the discharge chamber are required to make an 

estimate of the amount of plume ion production that can be expected during Helicon ion 

thruster operation. 

Thrust values presented in Table 7.5 represent a best estimate of thrust generation 

outside of conducting direct thrust measurements. From these predictions, it is clear that 

thrust calculation completed using plasma property values subject to neutral ingestion 
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results in inflated thrust predictions. Thrust predicted for the ‘high-pressure condition’ 

exceeds thrust estimated at the ‘low-pressure condition’ and in turn, misrepresents 

thruster performance possible for actual space applications. 

 

7.1.4 Electron Cooling  

Examination of the remaining plasma properties affected by increased neutral number 

density in the plume reveals electron cooling behavior at the ‘high-pressure condition.’ 

Electron temperature at the ‘high-pressure condition’ is consistently lower than the 

electron temperature at the ‘low-pressure condition’ across the full downstream range 

investigated. A comparison of electron temperatures from the two pressure cases as 

shown in Fig 6.15 supports the notion of increased neutral collisions at the ‘high-pressure 

condition.’ Electrons exhibit a cooling behavior during travel through higher neutral 

density environments due to repeated collisions with neutral atoms resulting in a 

reduction of electron temperature.43 Electron cooling behavior has been experimentally 

shown to scale with neutral density and is prevalent here in the reduced electron 

temperatures at the ‘high-pressure condition.43 

 

7.1.5 Summary 

Differences in plasma behavior between the ‘high-pressure condition’ and the ‘low-

pressure condition’ are caused by two primary neutral-plume interactions. The first 

interaction concerns charge exchange and momentum exchange collisions which result in 

the reduction of the accelerated ion population energy at the ‘high-pressure condition.’ 

Reduced ion energy is denoted by a decrease in the most probable voltage of the IEDF. 

The higher overall ion number density at the ‘high-pressure condition’ is due to the 



 

95

second interaction:  plume neutral ionization. The newly formed ions in the exhaust 

plume are eligible to undergo acceleration in the plume due to the pre-existing plasma 

potential drops. Newly formed ions that undergo acceleration result in a greater thrust 

value prediction at the ‘high-pressure condition. The primary effects of neutral ingestion 

in the Helicon ion thruster plume are a reduction in ion and electron energies as well as 

an increase in ion number density. A complete diagram is provided in Appendix B. 

 

7.2 Neutral Ingestions Effects on Increasing RF Power and Performance Metrics 

 

Section 6.2.3 compared the most probable voltage of the IEDF, electron temperature, 

plasma potential, and ion number density across a range of RF power levels for both the 

‘high-pressure condition’ and ‘low-pressure condition.’ Values were recorded for 

MadHeX Replica operation on 2 sccm argon volumetric flow rate and 340 G magnetic 

field strength over an RF power range of approximately 100 W to 500 W at the thruster 

exit plane and, in some cases, 16 mm downstream from the thruster exit plane. Using this 

data, changes in plume behavior and plasma properties are compared to determine the 

effect of increasing Helicon ion thruster RF power on the magnitude of the neutral 

ingestion effects identified in Sec. 7.1  on thrust generation and on performance metrics 

at both the ‘high-pressure condition’ and ‘low-pressure condition.’ 

 

7.2.1 RF Forward Power Absorption by Environmental Neutrals 

Increasing RF power in the Helicon ion thruster deposits more energy into the source 

region propellant as well as depositing energy in any additional gases located in areas not 

shielded from the RF antenna inside the vacuum chamber. Increases in energy of the ion 
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population are equivalent to increases in the most probable voltage of the IEDF. For both 

pressure conditions, increasing RF power results in increases to the most probable 

voltages as illustrated in Fig. 6.26. The magnitudes of the increases of the most probable 

voltages for the ‘low-pressure condition’ however are much greater than the 

corresponding increases in most probable voltages for the ‘high-pressure condition’ as 

illustrated in Table 7.6. 

Table 7.6: Comparison of rate of increase in most probable voltage with increasing 
RF Power for 2 sccm argon volumetric flow rate and 340 G source region magnetic 
field strength between ‘low-pressure condition’ and ‘high-pressure condition.’ 
 
 ‘Low-Pressure Condition’ ‘High-Pressure Condition’ 

RF Power Transition ࢃ/࢘࢘࢕ࢉ,࢖࢓ࢂࢊ ࢃ/࢖࢓ࢂࢊ ࢃ/࢘࢘࢕ࢉ,࢖࢓ࢂࢊ ࢃ/࢖࢓ࢂࢊ 

100 W – 200 W 0.206 V/W 0.451 V/W 0.045 V/W 0.091 V/W 

200 W – 300 W 0.234 V/W 0.106 V/W 0.082 V/W 0.051 V/W 

 

The most probable voltage for the ‘low-pressure condition’ increases five times more 

per watt than the most probable voltage for the ‘high-pressure condition’ when power is 

raised from 100 to 200 W RF power. The increase per watt of RF power for the transition 

from 200 to 300 W at the ‘low-pressure condition’ is three times higher than at the ‘high-

pressure condition.’ Despite an equal amount of power leaving the antenna, ion energy 

gains at the ‘high-pressure condition’ are consistently less than the gains achieved at the 

‘low-pressure condition.’ At the ‘high-pressure condition’, both the larger population of 

environmental neutral argon atoms and the accelerated ion population absorb the 

additional RF power. RF power absorption can result in increasing ion energy as noted 

earlier, or in increased ionization of argon propellant. During operation at the ‘high-

pressure condition,’ additional ionization is not limited to the propellant inside the 

discharge chamber. 
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Figure 7.2:  Ambient argon ionization around RF coaxial cable at the ‘High-
Pressure Condition’ at 2 sccm argon volumetric flow rate, 100 W RF power, and 
340 G magnetic field strength thruster operation. 

 

While this process can occur for both pressure conditions, the ambient argon neutral 

population for the ‘high-pressure condition’ (݊௢ ൌ 2.14 ൈ	10ଵ଼	ܽݏ݉݋ݐ/݉ଷ) is so much 

greater than for the ‘low-pressure condition’ (݊௢ ൌ 4.54 ൈ	10ଵ଻ atoms/݉ଷ) that the 

increases in the ion energy and the subsequent increases on the most probable voltages 

are damped as observed in Table 7.6. This damping effect due to energy absorption by 

the environmental neutral atom population can also lead to ionization of neutral atoms 

surrounding the thruster. Figure 7.2 illustrates ambient neutral ionization where argon 

plasma is generated around the magnet coils and RF coaxial power line. These ions 

RF Coaxial Cable 

Ionized Ambient Argon 
Discharge Chamber 
Face Adjacent to 
Propellant Inlet 
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however, are too far from the exit plane and diverging magnetic field to contribute to 

thrust like ions generated in the exhaust plume. 

 

7.2.2 Neutral Ingestion Effects on Collision Frequency and Plume Ionization at 

Increasing RF Power 

The neutral ingestion effects on plasma properties discussed in Sec. 7.1 related the 

collision rates and plume neutral ionization occurring in the exhaust plume to the facility 

background pressure. The effect of increasing RF power on the collision and plume 

ionization rates requires an examination of the affiliated plasma properties from Eq. 7.2 – 

7.7. Since background argon pressures remain the same within each pressure condition, 

the neutral number density and resulting mean free paths remain the same as shown in 

Table 7.2 and 7.4 at all RF power levels. Other properties that change with increasing RF 

power include the corrected most probable voltage which affects the beam current 

velocity calculated using Eq. 7.3 and the electron number densities used in calculating the 

production rate of plume ions from Eq. 7.6. 

Without a change in mean free path, charge exchange and momentum exchange 

collisions continue to occur far downstream of the range of consideration during thruster 

operation at the ‘low-pressure condition.’ Collision frequencies at the ‘high-pressure 

condition’ however, are directly affected by changes in RF power due to changes in ion 

beam velocity related to the corrected most probable voltages displayed in Fig.6.26. 

Collision frequencies are calculated in Table 7.7 for operation of the MadHeX replica at 

the ‘high-pressure condition.’ Collision frequencies for both collision types considered at 

the ‘high-pressure condition’ increase with increasing corrected most probable voltage. 
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Table 7.7:  Comparison of charge exchange (ߥ஼்) and momentum exchange (ߥெ்) 
collision frequencies at the ‘high-pressure condition’ at the exit plane at 2 sccm 
argon volumetric flow rate and 340 G magnetic field strength thruster operation for 
charge exchange collisions and plume argon ionization over an RF power range of 
~100 W – ~500 W. 
 

‘High-Pressure Condition’ 

RF Power Level 101 W 223 W 333 W 430 W 521 W 

࢒࢒࢕ࢉሺ	ࢀ࡯ࣇ ൗ࢙ ሻ 9,346 14,152 16,215 15,529 14,954 

࢒࢒࢕ࢉሺ	ࢀࡹࣇ ൗ࢙ ሻ 13,277 20,104 23,035 22,060 21,243 

 

Plume neutral ionization affects both pressure conditions and is calculated over the 

RF power range of interest in Table 7.8. In addition to ion number density, electron 

temperature will also effect the production of plume neutrals due to its relationship with 

electron velocity from Eq. 7.7. Electron temperature however, is not significantly 

influenced by changing RF forward power over this range.22-23 As discussed in Sec. 7.1.4, 

the electron cooling effect influencing electron temperature scales with neutral number 

density which does not change with increasing RF power. Electron cooling due to 

collisions with the neutral population remains steady at the ‘high-pressure condition’ as 

observed in Fig. 6.27 where electron temperature deviates a maximum of 0.4 eV from the 

average electron temperature of 2.6 eV across the full RF power range considered. 

Electron temperature for the ‘low-pressure condition’ also remains within 0.4 eV of its 

average electron temperature of 5.8 eV up to the 307 W operating condition. The drop in 

electron temperature at the 417 W and 485 W operating conditions is not a result of 

electron cooling and will be discussed later in Sec. 7.2.3 as it relates to RF coupling mode 

transitions. 



 

100

Table 7.8:  Comparison of plume neutral ionization collision frequencies and 
production rates for both the ‘low-pressure condition’ and the ‘high-pressure 
condition’ at the exit plane at 2 sccm argon volumetric flow rate and 340 G 
magnetic field strength thruster operation for charge exchange collisions and plume 
argon ionization over an RF power range of ~100 W – ~500 W. 
 

‘Low-Pressure Condition’ 

RF Power Level 100 W 212 W 307 W 417 W 485 W 

࢒࢒࢕ࢉሺ	ࢋ࢓࢛࢒ࡼࣇ ൗ࢙ ሻ 1.1 ൈ 10଻ 1.0 ൈ 10଻ 1.0 ൈ 10଻ 5.7 ൈ 10଺ 8.5 ൈ 10଺ 

࢏࢔ࢊ
࢚ࢊ ࢋ࢓࢛࢒ࡼ

ሺ࢙࢔࢕࢏ ࢙ ∙ ૜ሻൗ࢓  6.6 ൈ 10ଶ଴ 8.6 ൈ 10ଶ଴ 1.2 ൈ 10ଶଵ 1.8 ൈ 10ଶଵ 1.5 ൈ 10ଶଶ 

‘High-Pressure Condition’ 

RF Power Level 105 W 207 W 303 W 418 W 510 W 

࢒࢒࢕ࢉሺ	ࢋ࢓࢛࢒ࡼࣇ ൗ࢙ ሻ 3.2 ൈ 10଻ 3.7 ൈ 10଻ 3.1 ൈ 10଻ 3.5 ൈ 10଻ 3.5 ൈ 10଻ 

࢏࢔ࢊ
࢚ࢊ ࢋ࢓࢛࢒ࡼ

	ሺ࢙࢔࢕࢏ ࢙ ∙ ૜ሻൗ࢓  7.0 ൈ 10ଶଵ 8.0 ൈ 10ଶଵ 1.1 ൈ 10ଶଶ 1.2 ൈ 10ଶଶ 1.2 ൈ 10ଶଶ 

 

Plume neutral ionization collision frequencies continue to be higher for the ‘high-

pressure condition’ than the ‘low-pressure condition’ across the full RF power range 

considered. Due to the correlation of collision frequency with the relatively constant 

electron temperature, neutral ionization collision frequency for the ‘high-pressure 

condition’ is consistently three times the collision frequency at the ‘low-pressure 

condition’ up until the 400 W operating condition when electron temperature drops. This 

behavior however is a result of transitioning to a new RF coupling mode and not a 

function of the RF power as discussed in Sec. 7.2.3. 

While the collision frequencies between corresponding RF powers remain 

consistently higher for the ‘high-pressure condition,’ the same behavior is not observed 

for ion production rate in the plume. Ion production rate for the ‘low-pressure condition’ 
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at the 485 W operating condition exceeds the ion production rate at the ‘high-pressure 

condition.’ This change in ion production follows trends observed in the ion number 

density behavior illustrated in Fig. 6.28. The ratio of ion production at the ‘high-pressure 

condition’ to the ion production at the ‘low-pressure condition’ drops with increasing RF 

power as observed in Fig. 7.3. This behavior follows the behavior of the ratio of the ion 

number density at the ‘high-pressure condition’ to the ion number density at the ‘low-

pressure condition’ represented in Fig. 7.3.  

 

 

Figure 7.3:  (Left) Ratio of the plume ion production rate at the ‘high- pressure 
condition’ divided by the ion production rate at the ‘low- pressure condition’ at  
2 sccm argon volumetric flow rate and 340 G magnetic field strength thruster 
operation over an RF power range of 100 W – 500 W. (Right) Ratio of the ion 
number density at the ‘high- pressure condition’ divided by the ion number density 
at the ‘low-pressure condition’ at 2 sccm argon volumetric flow rate and 340 G 
magnetic field strength thruster operation over an RF power range of 100  – 500 W. 
 
 

As RF power increases, the rate of ion production in the plume at the ‘low-pressure 

condition’ approaches and exceeds the rate of ion production in the plume at the ‘high-
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pressure condition.’ This behavior is due to increased ion number density and the 

resulting increase in hot plume electrons available for ionizing collisions with plume 

neutrals. Despite the larger neutral population available at the ‘high-pressure condition,’ 

the increase in hot plume electrons at the 485 W operating condition for the ‘low-pressure 

condition’ yields greater rates of ion production in the exhaust plume. 

 

7.2.3 Neutral Ingestion Effects on RF Coupling Mode Transitions at Increasing RF 

Power 

Figure 7.3 shows that the rate of ion production in the plume for the ‘low-pressure 

condition’ overtakes the ion production rate of the ‘high-pressure condition’ at 

approximately 500 W of RF power. This behavior is attributed to the order of magnitude 

increase of ion number density that occurs during operation at 485 W in the ‘low-pressure 

condition.’ This order of magnitude increase in ion number density is indicative of a 

transition between RF coupling modes discussed in Sec. 2.2.1. Due to the lack of a blue 

core, transition is assumed to occur from a CCP to an ICP at the ‘low-pressure condition’ 

between 417 W and 485 W.  

A similar increase in ion number density is not observed for the ‘high-pressure 

condition’ leading to the assumption that an RF coupling mode transition does not occur 

and thruster operation is observed in the CCP mode only. Due to the physical 

mechanisms that drive the change in RF coupling mode, the RF power loss due to 

absorption by ambient neutral population is assumed responsible for disabling a transition 

at the ‘high-pressure condition.’ Additional neutral atoms may interfere with a coupling 

mode transition due to increased neutral collisions as well as shown in Table 7.7. A thrust 

comparison is conducted in Sec. 7.2.5 to determine if the transition to an ICP and the 
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affiliated increase in ion number density enables the ‘low-pressure condition’ to exceed 

the ‘high-pressure condition’ in thrust generation. 

A transition to the Helicon coupling mode does not occur in this study of MadHeX 

replica operation. The mechanisms that result from neutral ingestion however are still 

valid concerns for Helicon ion thruster operation. While the magnitude of the effects of 

neutral ingestion would be affected by a transition to Helicon mode, the effects 

themselves would not be ameliorated by operating in a different RF coupling mode. 

 

7.2.4 Neutral Ingestion Effects on Double Layer formation at Increasing RF Power 

The other performance metric of interest in this study is the formation of a double 

Layer potential structure. In comparing IEDF trace behavior for RF power levels between 

100 W and 300 W, additional contrasting behavior emerges during operation at the ‘high-

pressure condition.’ At the 214 W RF power, 2 sccm argon volumetric flowrate, and 340 

G magnetic field strength thruster operating condition, a double peaked IEDF is observed 

as shown in Fig. 6.17. A persistent, double-peaked IEDF indicates the formation of the 

Double Layer as described in Section 2.2.2. Examination of the IEDF at the ‘low-

pressure condition’ does not reveal a double peaked IEDF and the Double Layer is 

presumed absent. 

Examination of additional trials at the 214 W operating condition during operation at 

the ‘high-pressure condition’ does not reveal persistent, double-peaked profiles. The 

behavior observed during Trial 3 may indicate an unsteady Double Layer or an 

oscillating RF sheath.  

If an unsteady Double Layer is assumed, the benefits of a Double Layer are not 

achieved. The intention of the Double Layer is to produce a large plasma potential drop 
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to accelerate ions over a short distance (a few Debye lengths) to generate thrust. In 

comparing the corrected most probable voltages for the possible Double Layer IEDF at 

the ‘high-pressure condition’ with the ‘low-pressure condition’ corrected most probable 

voltages, the ‘low-pressure condition’ has a corrected most probable voltage more than 

30 V higher at 200 W than either corrected most probable voltage for the ‘high-pressure 

case.’ Despite producing two accelerated ion populations, the potential Double Layer 

formed at the 200 W, ‘high-pressure condition’ does not produce a potential drop for the 

ion beam larger than the potential drop at the ‘low-pressure condition.’ 

 

7.2.5 Magnitude of Estimated Thrust Augmentation due to Neutral Ingestion While 

Increasing RF Power  

In order to quantify the effect neutral ingestion has on estimated thruster performance 

at different RF power levels, some simplified thrust calculations are conducted assuming 

that the bulk ion thrust is generated by newly formed ions outside the discharge chamber. 

Since electron pressure and plume ion acceleration were the two largest thrust 

contributing terms in the previous section, those two will be considered here in order to 

compare estimated thrust magnitudes across the available RF power range. 

For these calculations, the exit plane ion number density at each RF power level is 

used with a presumed potential drop to represent new ions accelerated in the plume. 

Since plasma potential values are found to remain relatively constant across the power 

level range of 100 – 500 W as recorded by the emissive probe, potential drops of 0.3 V 

for the ‘high-pressure condition’ and 3 V for the ‘low-pressure condition’ are assumed to 

be applicable for this study. An estimate of thrust at the exit place ( ௘ܶ௦௧௜௠௔௧௘,଴) is 

calculated using Eq. 7.8.4 where electron number density (݊௘,଴) is assume to be the same 
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as the total ion number density (݊௜,்ை்,଴) and the potential drop across which the plume 

ions travel (∆ܸ) is given by the aforementioned values. 

 

௘ܶ௦௧௜௠௔௧௘,଴ ≡ 1 ∗ 10ିଵ଼ ׬ ሾ݊௘,଴ ∗ ൫ ௘ܶ,଴൯ሿ ൅ ሾ൫݊௜,்ை்,଴൯ ∗ ሺ∆ܸሻሿݎ݀ݎ
௥೛ሺ௭ሻ
଴     (Eq. 7.8.4) 

 

 

Figure 7.4:  Total calculated magnitude of thrust generated at ࢘ ൌ ૙ for 2 sccm 
argon volumetric flow rate and 340 G source region magnetic field strength at the 
‘low-pressure condition’ and the ‘high-pressure condition’ over an RF power range 
of ~100 W – ~500 W. 
 
 

Thrust increases with increasing RF power for both pressure conditions due to the 

associated increase in ion number density. The RF power level of greatest interest is the 

~500 W power level where the ‘low-pressure condition’ produces a magnitude of thrust 

greater than the corresponding ‘high-pressure condition.’ This exponential increase in 

thrust generation at the ‘low-pressure condition’ is due to the corresponding increase in 

ion number density of 1.4 ൈ 10ଵହ ions/݉ଷ between the 400 W and ~500 W power levels 

shown in Fig. 6.28. Thrust generation at the ‘low-pressure condition’ is estimated to 

0.1

1.0

10.0

100.0

0 100 200 300 400 500 600

T
h

ru
st

 M
ag

n
it

u
de

 (
L

og
 S

ca
le

) 
   

   
 

(N
/m

2 )

RF Power (W)

High-Pressure Condition

Low-Pressure Condition'

ൈ 10ିଶଶ 



 

106

exceed thrust generated at the ‘high-pressure condition’ once the RF mode transitions to 

an ICP increasing ion number density which is estimate to generate greater thrust. The 

inability of the thruster to transition to a different coupling mode at the ‘high-pressure 

condition’ is due to absorption of RF power by ambient propellant. 

 

7.2.6 Summary of Neutral Ingestion Effects with Increasing RF Power on Thrust 

Generation, Plasma Properties, RF Coupling Mode Transition, and Double Layer 

Formation 

As RF power increases, the effect of neutral ingestion on thruster performance 

becomes detrimental. Increases in most probable voltages occur at greater rates for the 

‘low-pressure condition’ as compared to the ‘high-pressure condition’ due to RF power 

absorption by ambient propellant leading to environmental neutral ionization and 

lowering the energy available to propellant located in the thruster source region. Collision 

frequencies for charge exchange and momentum exchange collisions increase at the 

‘high-pressure condition’ leading to additional losses of ion energy. Plume neutral 

ionization is consistently higher for the ‘high-pressure condition,’ but the rate of ion 

production is exceeded at the ‘low-pressure condition’ for the 485 W operating condition. 

Double Layer formation may occur at the ‘high-pressure condition’ but fails to yield a 

more favorable potential drop of the accelerated ion population than the ‘low-pressure 

condition’ potential drop. Thrust generation is estimated to be most greatly affected by 

the ability of the thruster to transition from a CCP to an ICP at the ‘low-pressure 

condition.’ Operation in Helicon mode is not achieved; however, the mechanisms 

resulting from neutral ingestion still affect thruster performance. The magnitude of the 

effects of neutral ingestion during thruster operation at Helicon mode is a future point of 
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study. At higher RF power levels, higher operating pressures degrade thruster 

performance by inhibiting RF coupling transitions and absorbing RF power. 

 

7.3 Neutral Ingestions Effects and Increasing Magnetic Field Strength 

 

Section 6.2.6 compared the most probable voltage of the IEDF, electron temperature, 

plasma potential, and ion number density across a range of magnetic field strengths for 

both the ‘high-pressure condition’ and ‘low-pressure condition.’ Values were recorded 

for MadHeX Replica operation on 2 sccm argon volumetric flow rate and 100 W RF 

power over a magnetic field strength range of approximately 340 G – 500 G (up to 700 

G) at the thruster exit plane and, in some cases, 56 mm downstream from the thruster exit 

plane. Using this data, changes in plume behavior and plasma properties are compared to 

determine the effect of increasing Helicon ion thruster magnetic field strength on the 

magnitude of the neutral ingestion effects identified in Sec. 7.1 on thrust generation and 

on performance metrics at both the ‘high-pressure condition’ and ‘low-pressure 

condition.’ Due to anomalous readings at the 400 G operating condition during testing at 

the ‘high-pressure condition,’ properties recorded at 400 G are excluded from this 

analysis. Probe failure at the 400 G condition is suspected as the cause of the anomalous 

readings since the 400 G condition was the final condition measured. 

 

7.3.1 Neutral Ingestion Effects on Charge Exchange Collisions and Plume Ionization 

at Increasing Magnetic Field Strength 

Examination of plasma properties subject to increasing magnetic field strength from 

Sec. 6.2.6 reveals limited differences due to neutral ingestion across the magnetic field 

strength range considered. The IEDFs for both cases drop in height with slight shifting of 
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the most probable voltage to higher values. This behavior along with the decreasing ion 

number density and decreasing electron temperature (at the ‘low-pressure condition’) can 

be attributed to increasing electron confinement and restricted electron mobility caused 

by increasing magnetic field strength.44-45 

In assessing the magnitude of confinement’s influence on the accelerated ion beam in 

the presence of neutral ingestion, corrected most probable voltages between the ‘low-

pressure condition’ and the ‘high-pressure condition’ are compared. At the ‘low-pressure 

condition,’ corrected most probable voltage increases 14 V between the 340 G and 500 G 

conditions whereas the ‘high-pressure condition’ corrected most probable voltage 

increases only 4 V over the same magnetic field increase. Beyond 500 G however, 

corrected most probable voltage deviates less than 3 V for both pressure conditions from 

their respective averages.  

Ion number density for both pressure conditions also exhibits similar behavior due to 

increasing magnetic field strength. Ion number density for the ‘low-pressure condition’ 

decreases by 15% of the 340 G ion number density by 500 G magnetic field strength. 

Likewise, the ‘high-pressure condition’ ion number density decreases by 15% of its 340 

G value by the 500 G operating condition. While the rate of decrease in ion number 

density of െ3 ൈ 10ଵଵ ions/݉ଷper G is greater at the ‘high-pressure condition’ than the 

െ7 ൈ 10ଵ଴ ions/݉ଷper G rate of decrease at the ‘low-pressure condition,’ magnetic field 

confinement effects the same percentage of the ion population at both pressure 

conditions. The changes in ion number density however may be obscured when 

accounting for the ion number density uncertainty of േ50%. 
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In contrast, property trends are not the same for the electron temperature behavior 

illustrated in Fig 6.41 for both pressure conditions. Electron temperature for the ‘high-

pressure condition’ deviates less than 30% from its average value of 2.1 eV from the 340 

G operating condition to 700 G operating condition. This behavior is in contrast to the 

cooling behavior observed at the ‘low-pressure condition’ when electron temperature 

decreases from 5.6 eV to 3.5 eV. Electron temperature at the ‘low-pressure condition’ 

decreases due to increased electron confinement and mobility whereas electron 

temperature at the ‘high-pressure condition’ is dominated by the electron cooling 

mechanism discussed in Sec. 7.1.4. Electron-neutral collisions dominate at the ‘high-

pressure condition’ overwhelm any potential decrease in electron temperature due to 

magnetic field confinement. 

Beyond the 500 G operating condition, most probable voltage and electron 

temperature remain constant despite increasing magnetic field strength. Since corrected 

most probable voltage and electron temperature govern the charge exchange and plume 

ionization collision rates, collision frequencies for both pressure conditions remain 

constant beyond the 500 G operating condition. Plume ion production decreases due to 

the influence of ion number density for both pressure conditions as shown in Table 7.9. 
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Table 7.9:  Comparison of plume ion production rates for both the ‘Low-Pressure 
Condition’ and the ‘High-Pressure Condition’ at the exit plane at 2 sccm argon 
volumetric flow rate and 100 W RF power thruster operation for charge exchange 
collisions and plume argon ionization over a magnetic field strength range of 340 G 
to 700 G. 
 

‘Low-Pressure Condition’ 
Magnetic Field 

Strength 
 

340 G 
 

500 G 
 

600 G 
 

670 G 
 

700 G 
࢏࢔ࢊ
࢚ࢊ ࢋ࢓࢛࢒ࡼ

ሺ࢙࢔࢕࢏ ࢙ ∙ ૜ሻൗ࢓  5.8 ൈ 10ଶ଴ 3.8 ൈ 10ଶ଴ -- -- -- 
 

‘High-Pressure Condition’ 
Magnetic Field 

Strength 
 

340 G 
 

500 G 
 

600 G 
 

670 G 
 

700 G 
࢏࢔ࢊ
࢚ࢊ ࢋ࢓࢛࢒ࡼ

ሺ࢙࢔࢕࢏ ࢙ ∙ ૜ሻൗ࢓  8.0 ൈ 10ଶଵ 6.7 ൈ 10ଶଵ 6.1 ൈ 10ଶଵ 6.0 ൈ 10ଶଵ 6.0 ൈ 10ଶଵ 

 

 

7.3.2 Thrust Augmentation and Increasing Magnetic Field Strength 

In order to quantify the effect neutral ingestion has on thruster performance at 

different magnetic field strengths, some simplified thrust calculations are conducted 

using Eq. 7.8.4. Calculated thrust values are shown in Fig. 7.5 assuming that electron 

pressure and ion plume ionization are still the bulk contributors to thrust. Due to 

decreasing ion number density and low electron temperatures, thrust for both pressure 

conditions decreases with increasing magnetic field strength. In addition, plume ions 

formed at the 500 G condition and above for the ‘high-pressure condition’ no longer 

contribute to thrust due to the nearly 0 V/mm plasma potential gradient outside the 

thruster. 
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Figure 7.5:  Magnitude of thrust generated at ࢘ ൌ ૙ for 2 sccm argon volumetric 
flow rate and 100 W RF Power thruster operation at the ‘low-pressure condition’ 
and the ‘high-pressure condition’ over 340 G – 600 G magnetic field strength. 

 

Thrust for both pressure conditions decreases at a rate of െ8.2 ൈ 10ଶ଺ N/m2 per G 

with increasing magnetic field strength. Decreasing thrust is a result of reduced ion 

number density and electron temperature due to electron confinement and reduced 

electron mobility that is independent of background pressure. Thrust for the ‘high-

pressure condition’ is also reduced by the decline of plasma potential in the first 140 G 

increase. While plasma potential remained the same for magnetic field strengths above 

500 G for both conditions, because the plasma potential at the ‘high-pressure condition’ 

was only 4 V at the exit plane, this reduction eliminated the potential gradient needed to 

accelerate newly formed plume ions. While plasma potential was lowered for both 

pressure conditions, it had a greater detrimental effect on the ‘high-pressure condition.’  
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7.3.3 Summary of Neutral Ingestion Effects while Increasing Magnetic Field 

Strength on Thrust Generation and Plasma Properties 

The primary effects of increasing magnetic field strength are universal across both 

pressure conditions. Both pressure conditions experienced reduced ion number density 

across the full range of magnetic field strengths tested and increased corrected most 

probable voltage until the 500 G operating condition. Electron temperature for the ‘low-

pressure condition’ was reduced due to increased electron confinement and reduced 

electron mobility with correspondingly minimal change in electron temperature at the 

‘high-pressure condition’ due to dominating electron cooling caused by electron-neutral 

collisions. Thrust at both conditions decreased due to reducing ion number density. 

Thrust augmentation for the ‘high-pressure condition’ was more severe due to the 

elimination of the potential gradient outside the thruster exit plane disabling the ability of 

newly formed plume ions to contribute to acceleration. Despite the reduction in plasma 

potential affecting both pressure conditions, due to the already low values of plasma 

potential at the ‘high-pressure condition’ only thrust generated at the ‘high-pressure 

condition’ was affected by changing plasma potential values in the first 160 G increase. 

 

7.4 Volumetric Flow Rate Effects at the ‘Low-Pressure Condition’ 

 

Section 6.3 compared the most probable voltage of the IEDF, electron temperature, 

plasma potential, and ion number density across a range of 1.3 sccm – 60 sccm argon 

volumetric flow rate for thruster operation at the ‘low-pressure condition.’ Values were 

recorded for MadHeX Replica operation on 100 W RF power and 340 G magnetic field 
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strength at the thruster exit plane. An examination of these values reveals the nature of 

increased neutral ingestion interactions with thruster operation and performance. 

 

7.4.1 Trends of Increasing Volumetric Flow Rate Compared to Neutral Ingestion 

Trends 

Changes in plasma property values, in response to changing volumetric flow rate, 

occur in distinct segments. IEDFs consistently shift to lower most probable voltages or 

reduce in height with increasing volumetric flow rate. Most probable voltages plotted in 

Fig. 6.45 follow the same behavior as the plasma potential resulting in a corrected most 

probable voltage that remains within 6 V of its average value of 31 V for all conditions 

except for the 4 sccm and 30 sccm operating conditions.  

The 30 sccm operating condition also has the outlying electron temperature of 8.7 eV 

while all remaining conditions exhibit a slightly decreasing electron temperature with 

increasing volumetric flow rate from 6.1 eV to 5 eV over the full flow range considered. 

These changes in electron temperature may be ameliorated however when accounting for 

the േ17% analysis error. This slight decrease in temperature however may also be a 

result of electron cooling due to the increased availability of plume neutrals caused by the 

increase in propellant flow rates. The magnitude of electron cooling however is much less 

than the 2 sccm argon volumetric flow rate, 100 W RF power, and 340 G magnetic field 

strength operating condition at the ‘high-pressure condition.’ This difference in electron 

cooling is due to the increased occurrence of electron-neutral collisions occurring at the 

‘high-pressure condition’ due to the 3.8 sccm environmental neutral ingestion rate. 

Environmental neutrals at the ‘high-pressure condition’ are not as energetic as neutrals 
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leaving the thruster source chamber at high volumetric flow rates at the ‘low-pressure 

condition’ resulting in less electron cooling behavior at the ‘low-pressure condition.’ 

Ion number density as a function of volumetric flow rate shown in Fig. 6.48 does not 

exhibit the monotonic trends present in the other plasma properties. Ion number density 

increases from the 1.3 sccm operating condition to a maximum value of 

	4.7 ൈ 10ଵସ ions/݉ଷ at the 10 sccm operating condition. Beyond 10 sccm, ion number 

density asymptotically decreases to a final value of 1. .2 ൈ 10ଵସ ions/݉ଷ by the 60 sccm 

operating condition. This behavior is similar to the power absorption behavior exhibited 

by environmental neutrals at the ‘high-pressure condition’ discussed in Sec. 7.2.1. Ion 

number density increases with increasing propellant flow rate due to increased collisions 

in the source region of the thruster for a 100 W RF power resulting in increased ion 

production. Beyond 10 sccm, ionization in the source region becomes power limited and 

the increase in propellant neutral population in the source region prevents additional 

ionization by absorbing available RF energy much like the environmental neutrals in the 

‘high-pressure condition.’ In this instance, power is deposited throughout the source 

region without a significant increase in ionization. 

 

7.4.2 Summary of Increased Volumetric Flow Rate Effects and Neutral Ingestion 

Effects 

Similar to the behavior induced by neutral ingestion at the ‘high-pressure condition,’ 

IEDFs approach lower most probable voltages with an increase in neutral propellant. 

Electron temperatures also exhibited cooling behavior at the higher volumetric flow rates 

similar to the cooling behavior previously observed at the ‘high-pressure condition’ but 

did not approach the 2.5 eV value exhibited at the ‘high-pressure condition’ for the 100 
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W RF power and 340 G magnetic field strength operating condition. Ion number densities 

at the 10 sccm operating condition and above meet or exceed the ion number density at 

the 100 W RF power and 340 G magnetic field strength operating condition during 

operation at the ‘high-pressure condition.’ Ion number density is the only ‘high-pressure 

condition’ plasma property able to be achieved by increasing volumetric flow rate. 

While similar behavior was observed for higher volumetric flow rates of argon at the 

‘low-pressure condition,’ most neutral ingestion effects at the ‘high-pressure condition’ 

occurred at a greater magnitude. Ion energies are lower and electron cooling is more 

prevalent in the presence of neutral ingestion. Comparison of plasma properties at the 

‘high-pressure condition’ with plasma properties recorded for a range of flow rates tested 

at the ‘low-pressure condition’ reveals that neutral ingestion has greater influence in the 

exhaust plume of the Helicon ion thruster and not in the source region as originally 

expected. 
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CHAPTER VIII 
 
 
 

CONCLUSIONS 
 
 
 

8.1 Effect of Neutral Ingestion on Helicon Ion Thruster Operation 

 

In order to quantify the effect of neutral ingestion on Helicon ion thruster operation, a 

replica of the MadHeX was operated over a range of 1.3 – 60 sccm argon volumetric 

flow rate, 100 W – 700 W RF power, and 340 G – 700 G magnetic field strength for two 

distinct operating pressure conditions. Operating pressures were chosen based on 

Randolph’s limit for HET characterization of 5 ൈ 10ିହ Torr and are designated as the 

‘low-pressure condition’ for thruster operation below Randolph’s limit and the ‘high-

pressure condition’ for thruster operation above Randolph’s limit. Plasma properties were 

compared between both pressure conditions to understand the physical mechanisms 

behind changes in most probable voltage of the IEDF, electron temperature, ion number 

density, and plasma potential due to neutral ingestion.  

Differences in plasma behavior between the ‘high-pressure condition’ and the ‘low-

pressure condition’ were caused by two primary neutral-plume interactions:  collisions 

between accelerated beam ions and ingested neutrals resulting in a reduction of ion 

energy at the ‘high-pressure condition’ and neutral ionization downstream of the thruster 

exit due to increased electron-neutral collisions at the ‘high-pressure condition.’ The 

primary effects of neutral ingestion in the Helicon ion thruster exhaust plume at the 

‘high-pressure condition’ are an increase in ion number density due to ionization of 

neutral propellant by hot plume electrons, a reduction in electron temperature due to 
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electron-neutral collisions resulting in electron cooling, and a reduction in the corrected 

most probable voltage due to energy losses between accelerated ions and ingested 

neutrals through charge exchange and momentum exchange collisions. 

In examining the effect of increasing RF power on neutral ingestion effects, power 

absorption by propellant in the source region and downstream of the exit plane was 

inhibited at the ‘high-pressure condition’ due to power absorption by environmental 

neutrals affiliated with the increased operating pressure. Increases in most probable 

voltages occurred at greater rates for the ‘low-pressure condition.’ Ion number density 

also increased with increasing RF power leading to a coupling mode transition from a 

CCP to an ICP that occurred only for the ‘low-pressure condition.’ The primary effects of 

increasing magnetic field strengths were minimal and governed by the increased electron 

confinement and reduced electron mobility. 

Increasing volumetric flow rate to mimic the increase in total flow rate due to neutral 

ingestion did exhibit some behaviors similar to the behaviors observed at the ‘high-

pressure condition’ such as reduced electron temperature, decreased most probable 

voltages, and an overall increase in ion number density. Only ion number density was 

matched between operation at inflated propellant flow rates at the ‘low-pressure 

condition’ with operation at the nominal condition at the ‘high-pressure condition.’ These 

results suggest that the area of the thruster most heavily influenced by neutral ingestion at 

the ‘high-pressure condition’ is not the source region but in the exhaust plume. 

Neutral ingestion in the plume of the Helicon ion thruster does affect the accelerated 

ion beam core. Changes in plasma properties on the thruster centerline imply that neutral 

ingestion in the exhaust plume is pervasive and the density of the ion beam is not high 
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enough to rely on scattering collisions at the edges of the exhaust plume to maintain the 

accelerated ion beam core as observed in HET operation.  

 
 

8.2 Future Work 

 

In order to determine an operational limit required for proper thruster 

characterization, additional testing at operating pressures below 1.2 ൈ 10ିହ Torr is 

required. Operation below Randolph’s limit still allowed for a neutral ingestion rate of 

0.8 sccm argon, exceeding his suggested 3% propellant ingestion limit. In addition, a 

shorter discharge chamber would also contribute extensively to the understanding of 

neutral ingestion effects on Helicon ion thruster operation. The collisional mean free 

paths involved in this work were 0.47 m and longer, a length on the order of the 

discharge chamber length but far beyond the exit plane for other Helicon ion thruster 

designs. An additional analysis involving discharge chambers shorter than the collisional 

mean free paths of interest may provide additional insights into operating pressure 

requirements based on thruster design. 

Due to the extensive plume ionization observed at the ‘low-pressure condition,’ better 

understanding of acceleration mechanisms of RF magnetic nozzles is required to 

determine if the level of plume ionization can be expected during operation at vacuum or 

if Helicon ion thrusters require a higher vacuum for performance characterization. An 

overall improved understanding of thrust generation will also assist in quantifying the 

effect of estimating thrust performance in the presence of neutral ingestion. Additional 

study of Helicon ion thruster operation is required before their advantages can be 

capitalized.  
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APPENDIX A 
 
 
 

Derivation of Quasi-1-D Model of Thrust Force for an Expanding Plasma in a 

Magnetic Nozzle 

 
Assumptions 
 
 Quasi 1-D 
 Plasma expands along z in cylindrical geometry (variables independent of ) 
 Steady state 
 Isotropic electron pressure (pe) 

o ݎ௟ ൐ 10 cm 
o ܤሬറ ൏ 0.5 G at location of thrust estimation for ௘ܶ = 2.1 eV minimum 

 Neglect ion pressure 
 Ignore induced supersonic rotation (no centripetal force) 
 Neutral-gas pressure is neglected 
 Ion-neutral collisions are an internal force and do not enter Thrust Calculations 
 ݑ௭ & ௘ܶ are approximately constant across plasma. 
 ݑ௭ሺݖ, ሻݎ ൌ෥  ሻݖ௭ሺݑ
 ௘ܶ௟ሺݖ, ሻݎ ൌ෥ ௘ܶሺݖሻ   
 All values independent of θ 
 
Variables 
 
 ሬറ: applied magnetic field   ௘ܶ: electron temperatureܤ
  ሬറ: ambipolar electric field   ௦ܶ: Thrust due to electron pressureܧ
݁: elementary charge    ݑሬറ: ion velocity   
N: neutral gas density    ௥ܷ: Radial neutral gas velocity 
݊: plasma density    ௭ܷ: Radial neutral gas velocity 
 ion-neutral collision frequency :ݒ    ௟: Larmor radiusݎ
௕ܶ: Thrust due to magnetic field pressure ݒറ: electron velocity 

 
Calculations 
 
Stead-State Momentum Equations: 
 
Electrons 
 

െ݁݊	ሺܧ௥ ൅	 ఏܸܤ௭ሻ ൌ
డ௉೐
డ௥

                  (1) 

െ݁݊	ሺܧ௭ െ	 ఏܸܤ௥ሻ ൌ
߲ ௘ܲ

ݖ߲
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Ions 
 
݁݊	ሺܧ௥ ൅	ݑఏܤ௭ሻ ൌ 0                (2) 

݁݊	ሺܧ௭ െ	ݑఏܤ௥ሻ െ ௭ܨ ൌ
1
ݎ
߲
ݎ߲
ሺݑ݊݉ݎ௥ݑ௭ሻ ൅

߲
ݖ߲
ሺ݉݊ݑ௭ଶሻ 

Drag on ions due to ion-neutral collisions 
 
௭ܨ ൌ    (3)          ݒ௭ݑ݊݉
 
Axial Component of Momentum Equation of Neutral Gas 
 

௭ܨ ൌ
ଵ

௥

డ

డ௥
ሺݑܰ݉ݎ௥ݑ௭ሻ ൅

డ

డ௭
ሺ݉ܰݑ௭ଶሻ       (4) 

 
 
Combining Steady-State Momentum Equations (1) & (2) 
 

 ݁݊	ሺݑఏ െ ఏܸሻܤ௭ ൌ
డ௣೐
డ௥

        (5) 

(expresses azimuthal current) 
 

ሾ݁݊ሺ ఏܸ െ ௥ܤఏሻሿݑ ൌ
ଵ

௥

డ

డ௥
ሺݑ݊݉ݎ௥ݑ௭ሻ ൅

డ

డ௭
ሺ݉݊ݑ௭ଶ ൅ ௘ሻ݌ ൅ ሾܨ௭ሿ   (6) 

 
Use equation (5) to express azimuthal current and plug in to equation (6); plug in 
equation (4) to ܨ௭ term. 
 

݁݊ሺܷఏ ఏܸሻ ൌ
ଵ

஻೥

డ௣೐
డ௥

ൌ െሾ݁݊ሺ ఏܸ െ  …ఏሻሿ             yieldsݑ

 
Momentum Equation for Plasma-Neutral Gas Fluid 
 

െ஻ೝ
஻೥

డ௣೐
డ௥

ൌ ቂଵ
௥

డ

డ௥
ሺݑ݊݉ݎ௥ݑ௭ ൅ ܰ݉ݎ ௥ܷ ௭ܷቃ ൅

డ

డ௭
ሺ݉݊ݑ௭ଶ ൅ ௘݌ ൅ ݉ܰ ௭ܷ

ଶሻ  (8) 

 

௧ܶ௢௧௔௟ ൌ ௦ܶ ൅ ஻ܶ ൌഥ ׬ ሺ݉݊ݑ௭ଶ ൅ ௘݌ ൅ ݉ܰ ௭ܷ
ଶሻ2ݎ݀ݎߨ

௥೛ሺ௭ሻ
଴     (9) & (11) 

 
 
First term	of	ሺ8ሻ	 vanishes in integration across plasma radial cross section. 
 

்ܶ௢௧௔௟ ൌഥ 	න ሾሺ݉݊ݑ௭ଶ2ݎ݀ݎߨሻ ൅ ሺ݌௘2ݎ݀ݎߨሻ ൅ ሺ݉ܰ ௭ܷ
ଶ2ݎ݀ݎߨሻሿ

௥೛ሺ௭ሻ

଴
 

  

 ൌഥ ׬ ሾݑ݊݉ݎߨݓ௭ଶ݀ݎ ൅ ݎ௘݀݌ݎߨݓ ൅ ܰ݉ݎߨ2 ௭ܷ
ଶ݀ݎሿ

௥೛ሺ௭ሻ
଴  

 
  ሼ݂݊ሺݎሻ: ,ݎ ݊, :ሻݎ௭ሽ+ሼ݂݊ሺݑ ,ݎ :ሻݎ௘ሽ+ሼ݂݊ሺ݌ ,ݎ ܰ, ௭ܷ

ଶሽ 
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௘݌ ൌ ݊௘݇ ௘ܶ 
 

்ܶ௢௧௔௟ ൌഥ නߨ2 ሺ݉݊ݑ௭ଶ ൅ ௘ܲ ൅ ݉ܰ ௭ܷ
ଶሻݎ݀ݎ

௥೛ሺ௭ሻ

଴
 

 
 
Calculating beam velocity  
 

ൌഥ නߨ2 ൦݉݊௜ ቌඨ
݇ ௜ܶ

݉
ቍ

ଶ

൅ ݊௘݇ ௘ܶ ൅ ݉ܰቌඨ
݇ ேܶ

݉
ቍ

ଶ

൪ ݎ݀ݎ
௥೛

଴
 

 

ൌഥ ߨ2 ׬ ሾ݊௜݇஻ ௜ܶ ൅ ݊௘݇஻ ௘ܶ ൅ ܰ݇஻ ேܶሿ
௥೛ሺ௭ሻ
଴     ݎ݀ݎ

 

ൌഥ ஻݇ߨ2 ׬ ሾ݊௜ ௜ܶ ൅ ݊௘ ௘ܶ ൅ ܰ ேܶሿݎ݀ݎ
௥೛ሺ௭ሻ
଴   Assume singly-charged ions 

                 ݊௜ ൌ ݊௘ 
 
   

Using IEDF, ௜ܶ ൌ ቂ
൫ெ௉௏ି௏೛൯௘௏

ሺ଼.଺ଶ௫ଵ଴షఱ௘௏ ௄⁄ ሻ
ቃ 

 
 

ൌഥ ଶ

௣௜
݇஻ ׬ ൣ݊௜൫ܸܲܯ െ ௣ܸ൯ ൅ ݊௘ ௘ܶ ൅ ܰ ேܶ൧ݎ݀ݎ

௥೛ሺ௭ሻ
଴   Since singly charged,   

              1	ܸ ൌ 1	ܸ݁ 
  
  

Units:        ሺܰ ∙ ݉ሻ ׬ ቀ௔௧௢௠௦

௠య ቁ ቀ௠
మ

ଶ
ቁ

௥೛ሺ௭ሻ
଴     

 

Derivations completed by consulting References 13-14. 
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APPENDIX B 
 
 
 

Diagram of Neutral Ingestion Effects on MadHeX Replica  
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