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Abstract

Large, time-averaged plasma potential differences, up to ∆V = 165 V evolving over several hun-

dred Debye lengths, have been observed in low pressure (pn < 1 mTorr) argon plasmas near

the junction between the insulating, upstream glass source tube and grounded, large-diameter

expansion chamber in the Madison Helicon Experiment. The potential gradient leads to ion ac-

celeration exceeding Ei ≈ 7 kTe in some cases. A half-turn, double-helix antenna is driven at

13.56 MHz at up to 1 kW of RF power and a static magnetic field up to 1 kG in a nozzle profile

(mirror ratio = 1.4) is imposed by six water-cooled electromagnets coaxial with the source tube.

Retarding potential analyzers (RPAs) are used to measure the ion energy distribution function

(IEDF) and a swept emissive probe is used to measure the plasma potential using the inflection

point method. Single and double probes are used to measure the electron density and temper-

ature. Two distinct antenna coupling mode hops are observed, the capacitive-inductive (E-H)

and inductive-helicon (H-W) transitions, identified by jumps in electron density as RF power is in-

creased at fixed magnetic field and neutral pressure. In the capacitive (E) mode, large amplitude

(Vp−p & 140 V, Vp−p/Vp ≈ 150%) fluctuations of the plasma potential are measured at the RF

frequency and harmonics, leading to the formation of a self-bias voltage. The more mobile plasma

electrons are able to fully respond to time-dependent gradients in the plasma potential on the RF

timescale, however, the massive ions cannot, and only respond to the time-averaged plasma po-

tential profile. The electrons can easily flow from the upstream region during an RF cycle, whereas

the ions cannot, leading to an imbalance of flux. This imbalance is short-lived, however, as the

steady state fluxes of electrons and ions must balance over an RF cycle (assuming no net current

flow). A time-averaged (DC) potential difference, or self-bias voltage, builds to retard electron flux

and increase ion flux, while the time-averaged plasma potential in the expansion chamber is held

near the DC floating potential for grounded walls (Vp ≈ 5kTe/e for argon). Consequently, in the

capacitive mode, the time-averaged plasma potential and ion density profile through the poten-
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tial difference between the upstream, insulating source chamber and the grounded, downstream

expansion chamber do not follow an ambipolar relation. The relatively long axial extent of the

potential gradient as well as the observations of strong plasma potential oscillations at the RF fre-

quency are inconsistent with formation of a classical, static double layer. The rate of decay of the

accelerated ion population that is formed by the potential gradient is consistent with that predicted

by charge-exchange collisions. If the current-free requirement of the flow between the source and

expansion chambers is lifted by grounding the conducting upstream endplate of the source, a net

current can flow through the source region while still maintaining global net zero current out of the

plasma, since the upstream ground provides a current closure. The increased electron flux out

of the plasma due to the grounded upstream endplate results in a higher time-averaged plasma

potential in the source region and, therefore, a higher potential difference (≈ 15%) between the

source region and the expansion chamber than for the floating endplate case. In the inductive

and helicon modes, the time-averaged plasma potential and ion density evolution more closely fol-

low an ambipolar relation. This is a result of decreased RF-timescale plasma potential fluctuation

amplitude from the reduced penetration of the RF electrostatic antenna fields as a result of the in-

creased electron density in these modes. The scaling of the potential gradient with the argon flow

rate (neutral pressure), magnetic field strength and RF power are investigated, with the highest

potential gradients observed for the lowest flow rates and lowest magnetic fields in the capacitive

mode. The magnitude of the self-bias voltage agrees well with that predicted for an RF sheath

with the same plasma potential fluctuation amplitude. The exploitation of the self-bias effect for

use in a plasma thruster is briefly explored, with possible use as a low thrust, high specific impulse

mode in a multi-mode helicon thruster. Operation in the inductive and helicon modes leads to a

lower specific impulse but higher thrust. This work could also explain the observations of larger-

than-ambipolar and relatively long (several hundred Debye lengths) potential gradients in some

expanding helicon plasmas that are ascribed to double layer formation in the literature.
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CHAPTER 1
Introduction

Chemical propulsion has been the primary workhorse of the space program since its incep-

tion. Substantial thrust is generated as a result of combustion of propellant gases which expand

in a nozzle. Thrust produced is sufficient to accelerate large payloads to low Earth orbit (LEO)

and beyond. The Saturn V rocket, used extensively in the late 1960’s, could launch a payload of

262,000 pounds (34 MN) into LEO. Chemical rockets, while delivering high thrust, are not particu-

larly efficient at propellant utilization, requiring large amounts of propellant to be carried onboard.

For instance, for the Saturn V rocket used on Apollo 13, the cargo (payload to LEO) was only 4% of

the total vehicle mass, with the fuel and oxidizer accounting for 91.8% of the total vehicle mass [2].

Once a vehicle is in orbit, however, the thrust required for maneuvers is drastically decreased, and

a more propellant-efficient source of propulsion is desired.

One technology that can deliver high propellant efficiencies is electric propulsion (EP). EP is

a broad field of study with the main goal of achieving very high exhaust velocities, thus reducing

the required initial mass of propellant and the launch mass of the system. EP is a mature field of

study, with several hundred devices in operation on communication satellites [3]. These "flown"

technologies have benefitted from the last several decades of research, and are often used for

satellite station keeping and orbit control. Typical examples are Hall thrusters and gridded ion

thrusters. High propellant efficiency, low thrust devices are of interest for station keeping of satel-
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lites and long duration missions.

One mission well-suited for an EP device would be to set Earth-Mars communication satellites

in Non-Keplerian orbits to prevent communications blackout when the Sun is between Earth and

Mars [4]. Calculations were performed requiring thrusts up to 300 mN, well within the range of

EP devices. The Variable Specific Impulse Magnetoplasma Rocket (VASIMR) is a high profile

example of an EP device, using a helicon source to create plasma and ion cyclotron heating (ICH)

to increase the energy of ions which accelerate out of the device using a magnetic nozzle [5],

which will soon be tested on the International Space Station [6].

Recent observation of accelerated ion populations in expanding helicon sources has led to

increased interest their use as an EP device. Potential structures, including double layers and

ambipolar (distributed) fields, have been observed in the expanding plume, which form without

the aid of any biased grids. Ions traverse these potential structures and are accelerated, without

interacting with a physical medium, increasing operational lifetime. In addition, these sources may

not require the use of a neutralizer if there are sufficient electrons to neutralize the ion flow, further

increasing operational lifetime.

The present work further increases the understanding of the RF power scaling of these de-

vices for thruster use, as well as highlights the need for consideration of these devices as an RF

source. This thesis is organized as follows. This introductory chapter gives the motivation for

the research. Chapter 2 discusses helicon sources and their operating modes. Chapter 3 gives

an overview of ion acceleration mechanisms in expanding helicon sources, particularly ambipolar

electric fields and double layers and evidence of both in experiment. Chapter 4 details the exper-

imental apparatus used for this work, and Chapter 5 discusses the diagnostics used. Chapter 6

gives an overview of the main experimental results of this work and Chapter 7 discusses these

results. Conclusions and ideas for further work are discussed in Chapter 8, as well as a summary

of the research results.
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1.1 Propulsion Metrics

The thrust generated by any propulsion device is due to ejected propellant from the device.

The thrust is equal to the rate of change of the momentum of the propellant:

T =
dpp

dt
= vp

dmp

dt
(1.1)

where pp is the momentum of the propellant, vp is the propellant exhaust velocity (assumed con-

stant in time) and mp is the propellant mass.

FIGURE 1.1: Specific impulse and thrust for sev-
eral thruster classes [7].

Chemical propulsion systems, using combus-

tion of propellants for acceleration, typically have

exhaust velocities from 3 km/s to 4 km/s [3]. Since

electric propulsion systems accelerate using elec-

tric or magnetic fields, exhaust velocities can be

much larger, on the order of 5 km/s up to 50 km/s.

Even though the exhaust velocity is larger than

that of chemical rockets, the propellant input rate

is much lower and consequently the thrust gener-

ated is lower, since less mass per unit time is being

ejected. Rockets with lower specific impulses and

higher thrust typically burn for short periods of time

followed by ballistic trajectories whereas high spe-

cific impulse, low thrust devices burn for long periods of time.

The change in velocity gained by a payload is calculated from the rocket equation:

∆v = vp ln
(

M1

M0

)

where M1 is the mass of the rocket plus its fuel (wet mass) and M0 is the mass of the rocket alone
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(dry mass). For a given ∆v mission with a specified dry (delivered) mass, the wet mass (M1) can

be reduced if the exhaust velocity vp is increased, leading to reductions in size and cost of the

launch vehicle.

One metric used to determine efficiency of a thruster is specific impulse, which is the ratio

of the thrust to propellant consumption (by weight) and is equal to the impulse delivered per unit

propellant:

Isp =
T

dmp
dt g

=
vp

g
(1.2)

Specific impulse is measured in seconds. A higher specific impulse equates to a smaller amount

of propellant required to gain a certain momentum. In more physical terms, if an engine’s thrust

could be adjusted such that it was equal to the initial weight of its propellant (in Earth’s gravity), the

specific impulse is how long the propellant would last. The specific impulse is an indicator of the

mass efficiency of a propulsion system, and more efficient use of propellant means less is needed

on the launch vehicle.

Since the thrust in an electric thruster is due to the accelerated ions, if the ions are accelerated

through a voltage V , their velocity vi will be (assuming a zero or small initial ion velocity):

vi =

√
2Vq
mi

(1.3)

where q is the ion charge and mi is the ion mass. The thrust of an ion beam accelerated through

a potential V is then, from Eq. 1.1 and Eq. 1.3:

T = vp
dmp

dt
= viΓiAmi = vi

mi Ib
q

= Ib

√
2Vmi

q
(1.4)

where Ib is the beam current. The thrust is proportional to the square root of the acceleration

voltage and inversely proportional to the square root of the ion charge, so maximum thrust is

achieved with singly ionized particles. If there is a significant possibility of multiply ionizing the

propellant, it is important to determine the charge state of the ions to maximize thrust.
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Specific impulse is a measure of propellant efficiency, but another important metric is the power

efficiency, or the ability of a thruster to turn input power into useful thrust. One way of quantify-

ing this efficiency is the ionization cost, or the energy needed to create ion-electron pairs. The

ionization cost is defined as the input power divided by the total number of ions produced per time:

ε =
PRF

ΓiA
(1.5)

where PRF is the RF input power, Γi is the ion flux and A is the area through which the ions are

traveling, and has the units eV/ion. This metric gives an indication of how much energy is required

to create and accelerate each ion. The total efficiency is the ratio of the beam power Pb = IbVb to

the total power input to the system, which encapsulates both production and acceleration of the

ions as well:

η =
Pb

Pin
=

IbVb

IbVb + Po
(1.6)

where Po is the "other power" required to create the ions and that is lost by other mechanisms

such as thermal or optical radiation, and this should be kept to a minimum. The beam power can

be written as:

Pb =
1
2

ṁpv2
p (1.7)

Using this in Eq. 1.6 gives

η =
Pb

Pin
=

T 2

2ṁpPin
(1.8)

since T = ṁpvp. This is a commonly accepted equation for thruster efficiency.

1.2 Electric Propulsion Technology

Electrothermal

Electrothermal propulsion devices heat the propellant electrically, which then expands ther-

mally through a nozzle and provides thrust. Examples include the arcjet, which heats the propel-

lant using an electric arc driven through it, or the resistojet, which heats propellant in a resistively-
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heated chamber. Some of the restrictions on chemical propellants can be lifted, as propellant

combustion chemistry doesn’t need to be considered. Propellants such as ammonia or hydrazine

are common, due to their dissociation to low-molecular-weight components and high specific heat.

Electromagnetic

Electromagnetic propulsion devices use the the interaction of a current in the propellant and

a magnetic field to accelerate charged particles. There are a wide variety of electromagnetic

propulsion devices, both pulsed and steady-state. Magnetoplasmadynamic (MPD) thrusters use

the Lorentz force to accelerated particles, while Hall thrusters are a hybrid of an electromagnetic

and electrostatic device.

Electrostatic

Electrostatic propulsion devices directly accelerate charged particles via an applied electric

field. Ions are generated by an upstream source (RF, DC or microwave, for instance) and accel-

erated by an applied electric field. The simplest example is a gridded ion thruster, a diagram of

which is shown in Fig. 1.2. Ions are produced upstream and extracted from the source with a

negatively biased grid. A neutralizing source of electrons is required in the plume to avoid space-

craft charging and subsequent reduction of thrust. Gridded ion thrusters are a mature technology,

with several devices having been flown on Russian spacecraft. Gridded thrusters provide up to a

few hundred millinewtons of thrust with specific impulses of several thousand seconds with high

efficiency, and are commercially produced.

The grids and neutralizer in an ion thruster can be lifetime-limiting components. If the accel-

erating electric field could be generated without the use of a physical medium in contact with the

plasma, thruster lifetime could be improved. In addition, if the plume could be self-neutralized,

there would be no need for a neutralizing source of electrons, also improving operational lifetime.

Fig. 1.3 shows a schematic of such an arrangement. Plasma electrons and ions are generated in

the source region, often by an RF or microwave source, which expands into a larger volume. The

expanding plasma creates a self-consistent axial electric field, similar to a sheath, to retard mobile
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FIGURE 1.2: Representation of a gridded ion thruster. Plasma ions are extracted from a source
upstream (left) and accelerated through a permeable grid (dashed line). Other grids
may be used to tailor the potential profile. An electron source acts as a neutralizer to
avoid charging of the spacecraft and limiting of the ion current.

electrons and accelerate ions [8]. Double layers, non-neutral regions of separated charge over a

short distance (on the order of sheath dimensions), can also form create the required potential

drop. Again, these devices have no grids or cathodes to erode, and therefore can have long op-

erating lifetimes. Examples of gridless plasma thrusters include the helicon double layer thruster

and the microwave (ECR) thruster.

The Variable Specific Impulse Magnetoplasma Rocket (VASIMR), shown in Fig. 1.4, is a project

under development by the Ad Astra Rocket Company. Plasma is produced by a helicon source and

the ions are heated by ion cyclotron resonant heating (ICRH). A magnetic nozzle accelerates the

ions axially using classical conservation of magnetic moment. There have been several iterations

of this device, and the current model is VX-200, which includes more than 200 kW RF power

(48 kW helicon, 165 kW ICRH) and uses superconducting magnets with up to 2 Tesla peak field.
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FIGURE 1.3: Gridless ion thruster. A plasma potential profile is imposed, perhaps by a double layer,
on electrons and ions generated in the source.

FIGURE 1.4: VASIMR engine design [9].

A prototype will be placed in the International Space Station and use stored energy to operate.

Exhaust velocities up to 150 km/s have been measured, corresponding to Isp > 15000 seconds
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[10]. Recently, operation of the VASIMR system with only the helicon source powered at 30 kW

have shown the simple plasma expansion results in a 20 eV ion beam with a significant upstream

plasma density (up to 1014 cm-3), but no double layer was observed [11].

1.3 Research Goals

Observation of double layers and accelerated ions in expanding helicon sources has led to

an increased experimental, computational and analytical effort to understand their formation. Ion

acceleration has been observed in several experimental devices, some of which are detailed in

Sections 3.2.1 and 3.3.6. In order to use accelerated ions from a helicon source as a propulsion

device, it is necessary to determine the optimum operating parameters for the desired application.

In devices that claim to contain double layers, scaling studies of varying completeness have been

performed for neutral pressure, magnetic field, geometry, RF frequency and RF power, as detailed

by Charles [12]. For ambipolar acceleration from helicon devices, scaling studies have also been

done for most of these operating parameters.

The cursory RF power scaling studies that have been performed claim there is no significant

variation in the potential drop ∆V for a wide range of RF powers, from 20 W to over 1 kW [12].

However, general power scaling studies conducted in helicon sources have shown there are large,

discontinuous changes in plasma potential and electron density as RF power is increased, known

as mode hops, where the antenna coupling changes significantly (see Chapter 2). A largely ig-

nored aspect of ion acceleration in helicon sources in the literature is the operating mode of the

source when the acceleration is observed. At least three modes of antenna coupling are possi-

ble in helicon sources; capacitive, inductive and helicon (wave) coupling. At the lowest plasma

densities, capacitive coupling dominates due to strong penetration of the RF electrostatic fields

into the plasma. At slightly higher densities, inductive coupling dominates where induced currents

can shield the RF fields. Helicon (wave) mode is only attainable when the dispersion relation for

helicon waves can be satisfied in the source. In the literature, beam formation is more pronounced

(higher energies) at the lowest neutral pressures and disappears at higher neutral pressures, and
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most studies are conducted at low or moderate powers (100 W - 800 W) and magnetic fields

(< 500 G). It is likely that some helicon sources that exhibit ion acceleration are not operating in

the classical wave-coupled helicon mode, but are helicon sources operated in the capacitive or

inductive coupling modes.

To that end, there are consequences of operating in a mode where the RF nature of the source

has non-negligible effects, and it is imperative to examine these effects on the ion acceleration.

The scaling of the RF power allows a study of the effect of the antenna coupling mode on the

potential difference ∆V , which is the primary goal of the present research. The magnitude of

potential gradients observed in expanding helicon sources have been shown to scale with the

electron temperature Te for both double layer acceleration as well as the ambipolar (Boltzmann)

acceleration (see Chapter 3). As RF power is increased, it has been shown that the electron

temperature increases monotonically in the helicon mode in our experimental device [13]. There-

fore, we predict that the observed potential difference ∆V should increase with increasing RF

power (increasing electron temperature). However, the presence of mode hops will likely result in

discontinuous jumps in ∆V as well as the density ne and electron temperature Te.

Summary

Low thrust, high specific impulse electric thrusters (Hall, gridded ion thrusters) have been suc-

cessfully flown, but have lifetime-limiting elements such as grids and cathodes. Gridless plasma

thrusters such as the helicon double layer thruster (HDLT) or VASIMR are being explored for high

reliability operation, but many questions remain about ion acceleration in such devices. Ion accel-

eration in expanding helicon sources has been observed as a result of double layers or ambipolar

plasma expansion, but the scaling of the acceleration with RF input power is not fully understood.

Helicon sources typically exhibit discontinuous mode transitions, but the effect of the operating

mode on the ion acceleration has not been explored. This work aims to further the understanding

of the RF power scaling of these devices and to highlight their RF nature.
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CHAPTER 2
Helicon Sources

Helicon plasma sources are noted for their ionization efficiency. These sources can produce

electron densities an order of magnitude larger than other sources at comparable input powers and

pressures [14], with typical densities ranging from 1011 cm−3 to 1014 cm−3. These high density

sources have applications ranging from materials processing [15], etching of semiconductors [16],

ion sources for inertial confinement fusion [17], thrusters [18] to wave propagation studies [19].

The geometry of a helicon is typically cylindrical with a coaxial magnetic field, although helicon

waves have been launched in toroidal [20] and annular geometries [21]. A radio frequency an-

tenna, typically driven at 13.56 MHz, launches helicon waves along the axis of the cylindrical

chamber. Several types of antennas have been studied, including the Nagoya Type III and various

types of helices, loops and saddle coils. Input powers typically range from tens of watts to up to

several tens of kilowatts in the literature. Axial magnetic fields usually range between 20 G to 4 kG

or more. Neutral pressures in these sources range from as low as 10−6 Torr up to several tens of

millitorr [22]. Instead of neutral pressure, which can vary across a flowing system, mass flow rate

is used to uniquely specify the fill condition in such systems.
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2.1 Operating Modes

Helicons (and other RF plasma sources) can operate in one or more of three modes, depend-

ing on the antenna, geometry, source conditions and other source characteristics. These three

modes are the capacitive (E), inductive (H) and helicon (W) mode, and distinct transitions can be

observed between these modes in the same source, often exhibiting hysteresis. A review of the

three mode types are given in [23–25] and references therein.

2.1.1 Capacitive (E) Mode

In the capacitive (E) mode, the RF power from the antenna is transmitted to the mobile plasma

electrons directly by the RF electrostatic electric field imposed by the antenna. In the E mode,

the skin depth for the RF fields in the plasma is a significant fraction of the plasma dimensions,

therefore the antenna fields can penetrate far into the plasma and couple to the electrons di-

rectly. The plasma electrons oscillate around the positive space charge cloud of ions (provided

ω2
pe� ω2

RF [1+ ν2
en

ω2
RF

], where νen is the electron-neutral collision frequency, ωpe is the electron plasma

frequency and ωRF is the RF frequency), and since the ions are much more massive, they can only

respond to the time-averaged electric fields (provided ω2
pi � ω2

RF , see Section 3.1.2). If electron-

neutral collisions are rare within an RF cycle (ν2
en � ω2

RF , pn < 25 mTorr in argon at 13.56 MHz),

the skin depth is given by:

δp =
1
αp

=
√

me

e2µ0ne
(2.1)

where δp is the skin depth (meters), αp is the attenuation constant, me is the electron mass, ne is

the electron density and µ0 is the vacuum permeability.

Energy transfer occurs due to stochastic heating in the sheaths and ohmic heating in the bulk

plasma [23]. Stochastic heating is the result of the plasma electrons colliding with the oscillating

sheath potential, similar to a ball bouncing from a moving wall, transferring energy from the wall to

the ball in the process. Ohmic heating is due to collisions between the accelerated electrons and
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neutrals in the bulk plasma.

Time-averaged plasma potentials in the capacitive mode can be as high as the RF driving

voltage (VRF ). Large fluctuations in the sheath (and plasma) potential are observed, due to the

high penetration of the RF electrostatic fields. Confinement of plasma electrons is provided by

the electric field in the sheaths at the walls. Ions are continuously accelerated towards the walls

through the sheaths, but electrons are only able to escape the bulk when the instantaneous plasma

potential reaches the wall potential. This allows sufficient electrons to escape the bulk plasma to

account for the ions lost throughout the rest of the RF cycle. In the presence of plasma potential

fluctuations, a self-bias voltage forms to equalize the electron and ion fluxes from the plasma, and

this phenomenon is discussed further in Section 3.1.3.

Typical plasma densities in the E mode are typically less than 1011 cm-3, and densities near

1010 cm-3 have been measured for the E-H transition in (magnetized) helicon sources [26]. The

large, asymmetric electric fields in the plasma can drive anomalous cross-field diffusion in mag-

netized plasma columns, as suggested by Degeling [26] and Perry [27].

2.1.2 Inductive (H) Mode

As the plasma density rises, the skin depth decreases and approaches the chamber diameter,

the plasma starts to generate currents that shield those imposed by the antenna. A positive

feedback occurs between the skin depth and power deposition, and often a discontinuous jump in

density is observed across the E-H transition. The induced currents, generated within a few skin

depths of the surface of the plasma, heat the plasma. Both stochastic and ohmic heating exist,

with stochastic heating dominating at lower pressures where electron-neutral collisions may be

rare. The induced electric fields in the plasma are non-propagating. The plasma potentials are

much lower than those in the capacitive mode, since the power transfer is no longer directly from

the antenna electric fields but due to the induced currents. The plasma density is higher than that

of the capacitive mode, often on the order of 1011 cm-3 to 1012 cm-3.

At low electron densities in the inductive mode, where the skin depth is not necessarily small
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compared to the plasma dimensions (δp ∼ R,L), the absorbed power scales as [23]:

Pabs ∝ neI2
rf (2.2)

where Irf is the RF antenna current and Pabs is the absorbed power by the plasma. At higher

electron densities, when the skin depth is much smaller than the plasma dimensions (δp � R,L),

the absorbed power scales as the square root of the density:

Pabs ∝
√

neI2
rf (2.3)

This results in a maximum in the absorbed power when the skin depth is on the order of the plasma

dimensions. The absorbed power for two different antenna currents Irf is shown in Fig. 2.1, as well

as the power loss vs. electron density no. The loss power Ploss is linear with the electron density

assuming a constant loss area and energy loss per electron. There exists a minimum antenna

current Imin such that a stable inductive discharge equilibrium is possible. Below this threshold

current, an inductive discharge is not possible, but a capacitive discharge can form (dotted line in

Fig. 2.1).

The inductive mode is reached after passing through the capacitive mode in most cases. When

RF power is applied to the antenna, the high RF electrostatic fields break down the fill gas and the

electron density rises and a capacitive-mode discharge forms. When the density increases enough

to reach the inductive mode (where the skin depth is on the order of the plasma dimensions), the

discharge transitions to the inductive mode.

2.1.3 Helicon (W) Mode

Helicon waves are propagating wave modes in a finite diameter, axially magnetized plasma

column. Helicon waves satisfy ωLH � ω � ωce and ω2
pe � ωωce, where ωLH is the lower hybrid

frequency, ωce is the electron cyclotron frequency, ωpe is the electron plasma frequency, and ω is
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FIGURE 2.1: Inductive source absorbed power vs. electron density no for two RF antenna currents
(Irf ), above and below the threshold current Imin for stable inductive operation [23]. The
intersection of the loss curve and the absorbed power curves indicates the equilibrium
point. For Irf < Imin, there is no solution for inductive operation, however a capacitive
discharge (dashed line) can still exist.

the driving frequency.

The helicon waves are excited with an RF antenna which couples to the helicon mode struc-

ture through an insulating chamber wall. The mode propagates along the column, and the mode

energy is absorbed by the plasma through collisionless and collisional damping. The exact phys-

ical process that causes such efficient ionization is an active area of research, however. Several

mechanisms have been suggested [28], including Landau damping, collisional processes, mode

conversion, helicon wave penetration, non-linear trapping of fast electrons, parametric instabilities,

and antenna localized acceleration.

Helicon waves are essentially bounded Whistler waves, and the helicon dispersion relation is

derived below in Section 2.3. The RF antenna k -spectrum is often able to excite several helicon

modes that satisfy the wave dispersion relation, and discontinuous jumps in the electron density

may occur, even within the W mode. The plasma potentials for helicons are often much lower than

the inductive and capacitive mode, whereas the density can be much higher, up to 1014 cm-3.
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2.2 Mode Transitions

Capacitive to inductive mode transitions have been observed in several types of sources, and

have a rich history in both low pressure (mTorr) and higher pressure (several Torr) plasma sources.

Transitions between the three modes, including hysteresis, have been observed in helicon sources

when the RF power is increased [25]. In the capacitive mode, the ionization is localized under the

high-voltage leads of the antenna, and the density is low, with a centrally peaked radial density

profile. When the electron density is sufficient, there is a transition to the inductive mode. In the

inductive mode, there exists a radial density depression due to the power deposition in the edges

of the discharge from the skin effect, depending on the skin depth and the amount of losses to the

walls. The density increases due to the improved power transfer. As the density increases, the

helicon wavelength shortens and is able to “fit” within the plasma column, and a helicon wave is

able to propagate. The radial density profile again becomes peaked, due to the interaction of the

helicon wave with the plasma electrons in the bulk.

Franck [29] gives clear evidence of the mode transitions in a typical helicon source operating

in capacitive, inductive and helicon modes. Some authors, including Franck, have seen transitions

directly from E to W mode, bypassing the H mode as power is increased. However, it is shown

that the H mode can be reached when the power is decreased from the power level in W mode,

as shown in Fig. 2.2.

As mentioned above, Degeling [26] observed the E-H transition in their helicon for an electron

density of 1010 cm-3, which was independent of the static magnetic field value and the fill gas

pressure, except through the effect of these parameters on the electron density. They observed

the E-H transition when the skin depth δp ∼ R
2 .

Perry [27] measured the modulation of the plasma potential in a helicon source operating in

the capacitive and inductive modes. They observed a sharp decrease in both the modulation (Fig.

2.3(a)) and value (Fig. 2.3(b)) of the time-averaged plasma potential during the E-H transition.

Modulations on the order of the plasma potential (∆V ∼ Vp) were observed in the capacitive
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FIGURE 2.2: Electron density vs. RF power in a helicon source showing mode transitions as well as
hysteresis [29].

mode, with a peaked radial profile of the modulation amplitude. The authors suggest that in the E

mode, anomalously high cross-field diffusion is present, due to the large radial RF fields present

in the plasma bulk. In the H mode, much smaller radial electric fields are present, and cross-field

diffusion is reduced, contributing to the density jump observed.

The physical appearance of the discharge can indicate the mode of operation. Photos of our

experiment in each mode are shown in Fig. 2.4. For the capacitive mode, a diffuse pink glow exists

under the antenna, with some extension of the plasma downstream (to the right in the image).

The pink glow is a result of excitation (and decay through optical emission) of neutral argon. In

the inductive mode, a brighter glow exists, with a more uniform distribution of light output. In the

helicon mode, there is a bright, blue core in the center of the column, due to excitation of ionized

argon by the wave-interacting electrons. In some cases, at high magnetic fields and RF powers

but still in the inductive mode, a weak blue core can be observed in the center of the discharge.

The blue core, in either type of discharge is a result of excitation of ionized argon.
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FIGURE 2.3: (a) Modulation of the plasma potential vs. RF power measured with an emissive probe.
A decrease in the modulation is observed during the E-H transition (b) Decrease in
plasma potential vs. RF power, measured with a floating emissive probe [27].
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FIGURE 2.4: Comparison of the appearance of the plasma in the capacitive, inductive and helicon
modes in the MadHeX system.
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2.3 Helicon Wave Propagation

The following is an abbreviated derivation based on that in Lieberman [23] of the basic wave

dispersion relation for helicon waves, which will be helpful for the analysis of the source operation

in conjunction with the observed ion acceleration. Helicon waves are bounded Whistler waves with

ωci � ω � ωce and ω2
pe � ωωce. The dispersion relation for unbounded Whistler waves is given

by:

N2 = R = 1−
ω2

pi

ω(ω + ωci )
−

ω2
pe

ω(ω − ωce)
≈

ω2
pe

ωωce
=

kkz

k2
0

(2.4)

where N = kc/ω and kz is the z component of the wavevector (along B) and k0 = ω/c. k can be

decomposed into:

k =
√

k2
⊥ + k2

z (2.5)

where k⊥ is the radial component of the wavevector. The helicon modes are mixtures of electro-

magnetic and quasistatic fields of the form:

~E , ~H ∼ ej(ωt−kzz−mθ) (2.6)

where m is the azimuthal mode number. The boundary conditions for the wave propagation in a

insulating or conducting cylinder is given by Chen [30], assuming a uniform plasma density and

the total radial current density amplitude J̃r = 0:

mkJm(k⊥R) + kzJ ′m(k⊥R) = 0 (2.7)

Using Eqns. 2.4, 2.5 and 2.7 it is possible to solve for k⊥,kz and k for a given ω, ne and B0, giving

the dispersion relation.

The antenna in our experiment primarily launches an m = 1 mode number, which results in a

helical variation of the fields in space. The transverse electric field for m = 1 is shown in Fig. 2.5

for five axial locations. The antenna couples to these transverse electric (and magnetic) fields.
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FIGURE 2.5: Transverse electric fields in the helicon (m = 1) mode [23].

The dispersion relation Eq. 2.4 can be rewritten as:

kkz =
eµ0n0ω

B0
(2.8)

from which there are two limits, kz � k⊥ and kz � k⊥. The transition point between these two

limits is when n0 = n∗0, where kz = k⊥ for the m = 1 mode. For typical source parameters R = 5

cm, f = 13.56MHz and B0 = 200 G, n∗0 ≈ 4.0 × 1012 cm-3. For densities n0 � n∗0, the dispersion

relation is approximately:

λz =
2π
kz

=
3.83

R
B0

eµ0n0f
(2.9)

and for n0 >> n∗0:

λz =

√
2πB0

eµ0n0f
(2.10)

Both limits have their drawbacks for practical helicon design, so most helicon antennas are de-

signed for operation near n∗0. Typically, k⊥ is chosen to be larger than kz , such that the low density

relation in Eq. 2.9 is appropriate, and it has been shown to roughly follow that relation. As men-

tioned earlier, RF antennas designed for helicon sources may couple to a range of λz , leading to

operation in a range of densities.
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Helicon Wave Damping

Both collisional and collisionless damping of the helicon wave have been suggested as heating

mechanisms for the plasma electrons. Collisional damping primarily heats the thermal electron

population, while collisionless (Landau) damping heats the tail of the electron population near

where the electron phase velocity is close to that of the helicon wave. The collision frequency νc

in the discharge is the sum of the electron-neutral and electron-ion collision frequencies, and the

Landau damping frequency is [23]:

νLD ≈ 2
√

2ωζ3e−ζ
2

ζ � 1 (2.11)

νLD(max) ≈ 1.45ω ζ ≈ 1.2 (2.12)

where ζ = ω/(kz
√

2vth) where vth =
√

eTe/me, the thermal electron velocity. The axial decay

constant for the helicon wave damping in the low density limit (see above) is:

α−1
z ≈ ωce

k⊥νT
(2.13)

where νT = νc + νLD, and for the high density limit:

α−1
z ≈ 2ωce

k⊥νT
(2.14)

The damping length α−1
z should be less than the source chamber length to maximize energy

transfer between the wave and the plasma.

Summary

Helicon sources, noted for their high densities and ionization efficiency at moderate powers,

use bounded Whistler waves to accelerate electrons which ionize neutrals. Helicon sources exhibit

three (or more) distinct modes of operation which are a result of changes in the power coupling

between the RF antenna and the plasma. In the capacitive (E) mode, the RF fields imposed by



23
the antenna can penetrate the plasma due to the long skin depth in the system. Plasma potentials

are typically high (up to VRF ) and large modulation in the plasma potential on the RF timescale

are observed. Densities are low (ne ≈ 1010 cm-3), and the plasma is unable to shield out the

imposed RF fields. The inductive (H) mode, usually reached after passing through the E mode,

occurs when the plasma is able to shield out the imposed RF fields with self-generated currents

which heat the plasma. Densities are higher than E mode (ne ≈ 1011 cm-3) and plasma potentials

are considerably lower than the E mode. The helicon mode, which can be reached when the

helicon wave dispersion relation can be satisfied in the system (the helicon wavelength “fits” in the

system), results in improved coupling and a large density increase. Densities are typically greater

than 1011 cm-3, up to 1014 cm-3 in some systems, and plasma potentials are quite low.
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CHAPTER 3
Expanding Plasmas in Helicon Sources

In systems with a high aspect ratio (L� R), as plasma expands from a small cross section to

a larger cross section, a potential structure forms to ensure that electron and ion fluxes from the

small cross section region are equal to maintain quasineutrality. The potential structure that forms

can be interpreted as opposing the electron pressure gradient pe = nekTe. This phenomenon is

well known and is discussed in several works (see Lieberman [23] or Manheimer [31] for example).

The spatial scale for this expansion is long compared to sheath dimensions, and Debye shielding

by the electrons is satisfied throughout the expansion. It is also possible for a structure called a

double layer (DL) to form, which is a sharp potential gradient over a short distance (on the order

of sheath dimensions, tens of Debye lengths) that is a result of charge separation occurring in

space, where Debye shielding from the electrons does not hold. The following is an overview of

these two potential structures, which have both been observed in expanding plasmas in helicon

sources, and have been suggested as mechanisms for developing thrust.

3.1 Sheath Theory

In order to understand these potential structures in expanding plasmas, a brief discussion

of DC and RF sheaths as well as self-biasing in RF discharges is helpful in understanding the

processes at work.
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3.1.1 DC Collisionless Sheaths

Sheaths form in order to balance ion and electron flux from a plasma to its boundaries and

maintain neutrality in the bulk plasma. For electropositive discharges, such as those considered

here, the mobile electrons are able to leave the discharge much more readily than the ions due

to their mass difference, which would cause a charge imbalance. An electric field forms in the

sheaths at the plasma boundaries to retard and confine the mobile electrons and accelerate the

ions to maintain quasineutrality, which results in the plasma charging positive relative to the wall

potential. The ion and electron densities and the potential profile are shown in Fig. 3.1 for a

collisionless DC sheath at a floating wall [23].

FIGURE 3.1: Ion and electron densities (top) and potentials (bottom) in a typical collisionless DC
sheath [23].
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The ion density in these wall sheaths is much larger than the electron density, thus they are

referred to as “ion-rich”. The strength of this positive sheath is found by equating the ion and

electron fluxes at the boundary (floating wall boundary condition), and is given by

|Vs| =
kTe

e
ln

√
Mi

2πme
(3.1)

where Te is the (Maxwellian) electron temperature, Mi is the ion mass and me is the electron mass.

For argon, this potential drop is 4.7 kTe/e. The floating potential is referenced from the plasma

potential, therefore the plasma potential will be larger than the floating potential by |Vs|.

The stable solution to the governing equations for the sheath potential and particle densities

dictate there must also be a potential gradient that accelerates ions to at least the Bohm velocity,

vB = cs =
√

kTe/Mi , and the region of this potential gradient is called the “presheath”. In the

presheath, the ion flow is subsonic (vi < cs) and the ions are accelerating through the presheath

potential gradient. At the sheath-presheath boundary, the ions become sonic (vi = cs) and then

supersonic (vi > cs) into the sheath, where charge neutrality must break down. Physically, since

total ion flux (Γi = nivi ) in the sheath must be conserved, the ion density will decrease through the

sheath. If the decrease in density is too great, the electrons that diffuse into the sheath region due

to their finite temperature will leave a net negative charge and the ions will be further accelerated.

Conversely, if the density gradient is not large enough, the ions will be slowed. The stable solution,

the Bohm criterion, results in the ions attaining at least the Bohm velocity cs across the presheath,

which has a potential drop ∆φ ≈ kTe
2e . Thus the total potential drop from bulk plasma to a floating

wall is |Vs| ≈ 5.2kTe/e in argon plasmas. Any potential imposed on the floating wall will increase

or decrease the plasma potential.

The width of a DC sheath is typically on the order of few Debye lengths, calculated using

parameters measured at the plasma-sheath boundary. For high-voltage (Child’s law) sheaths like

those in a capacitively driven discharge such that eVs � kTe, ne ≈ nse−eVs/kTe → 0, the sheath

width can be much larger, up to tens or hundreds of Debye lengths. The sheath width s in this

case is given by [23]:
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s =
√

2
3
λD

(
2eVs

kTe

) 3
4

(3.2)

where λD is the Debye length.

3.1.2 RF Collisionless Sheaths

Since helicon sources operating in the capacitive or inductive modes can support non-zero

RF plasma potential fluctuations [27], it is necessary to understand the effect of the RF fields on

the sheath. When a plasma is created using an RF source there can be significant fluctuations

of the plasma potential in time due to the coupling of the RF fields to the plasma electrons and

the inability of the plasma to shield out the RF fields. These fluctuations can result in a growth

of the sheath width as well as the DC sheath voltage drop (self-biasing), which can reach several

hundred volts [32], on the order of typical RF driving voltages. The nonlinearity of the sheath

impedance results in a rectification of the RF voltage, which leads to the growth in width and

voltage drop of the sheath as well as non-sinusoidal fluctuations in the plasma potential.

Several models of RF sheaths have been developed, with those by Lieberman ( [23] and ref-

erences therein) and Godyak [32] being well accepted. The sheath dynamics can be understood

with the following assumptions:

– The ions can only respond to time-averaged electric fields, which is a good approximation if:

ω2
pi

ω2
RF
� 1 (3.3)

which is equivalent to the assumption that the response time of the ions τi ≈ ω−1
pi is much

longer than an RF period (see Eq. 3.6).

– The electrons can respond to the RF-timescale fluctuations, which is a good approximation

if:
ω2

pe

ω2
RF
�

√
1 +

ν2
en

ω2
RF

(3.4)
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where νen is the electron-neutral collision frequency. In argon at 13.56 MHz, νen ≈ ωRF

for pn = 25 mTorr, therefore for the neutral pressures considered here, this assumption is

justified. If the neutral pressure is too high, electrons suffer collisions during an RF cycle and

cannot fully respond to changes in the plasma potential. Equivalently, the electron response

time τe ≈ ω−1
pe is much shorter than an RF period.

– The sheath drop is much larger than the electron temperature, which leads to a near-zero

electron density in the sheath region.

These assumptions are appropriate for the plasmas investigated here, as will be discussed further

in Chapter 7. The particle densities in the sheath under these assumptions are shown in Fig. 3.2.

Note that the sheath width S(t) is a function of time, and the sheath width fluctuates between

S1 and S2. The time-averaged electron density is shown as a dashed line. The sheath width

is increased in this case by a factor of ≈ 1.36 above the width of a Child law sheath due to the

reduction in space charge in the sheath, compared to a DC sheath, provided by the non-zero

time-averaged electron density [23].

FIGURE 3.2: Ion and electron densities in a typical collisionless RF sheath where eVRF � kTe. ni
is the ion density, 〈ne〉 is the time averaged-electron density, S(t) is the instantaneous
sheath location, and S1 and S2 are the maximum and minimum sheath excursions [32].
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The inability of the plasma ions to respond to the RF fields can be seen by examining the

ions as oscillators driven by an RF field on the order of that present in an RF sheath as done

in Chabert [33]. The ions, in the presence of an RF electric field on the order of a sheath field,

respond according to:
d2x
dt2 =

e
Mi

kTe

eλD
sin(ωRF t) (3.5)

where x is the position, Mi is the ion mass, Te is the electron temperature, λD is the Debye length

and ωRF is the driving frequency. The solution will have the form x = x0 sin(ωRF t), where x0 is

given by:
x0

λD
=
ω2

pi

ω2
RF

=
τ2

RF

τ2
i

(3.6)

The maximum excursion of the ion is proportional to the ion plasma frequency at a fixed RF

frequency. If the density is low, such that the ion plasma frequency ω2
pi � ω2

RF , the ion excursion

around its undisturbed position is small with respect to the Debye length. For electrons, the above

equation holds except with the ion mass Mi replaced by the electron mass me, and therefore

ωpi replaced by ωpe. The ratio of the electron plasma frequency to the RF frequency is much

larger (104 to 105 for the conditions in our experiment), so the electrons can fully respond to the

fluctuations.

3.1.3 Self-Bias Effect

RF fluctuations of the plasma potential (and the sheath potential) can lead to an increased

electron loss from the bulk plasma compared to a DC sheath. In a DC sheath, the sheath electric

field builds to retard the mobile electrons and accelerate the ions from the plasma such that the

fluxes are equal in steady state, resulting in the floating potential given in 3.1. However, RF fluctu-

ations of the electrons’ potential allow, for some non-zero duration of the RF cycle, the electrons

to “leak” out of the plasma initially. Ions are continuously accelerated from the plasma by the time-

averaged value of the fluctuating sheath voltage, which rises to accommodate the extra electron

losses such that they are equal in steady state (for a floating boundary condition or for the total flux

from the plasma). This increase in the time-averaged value of the sheath voltage is known as the
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self-bias effect. RF plasma processing reactors often exploit the self-bias effect to control incident

ion energies on substrates, which can be much greater than ion energies in DC sheaths [23].

The magnitude of the self-bias voltage is a function of the particle balance in the discharge.

For simple geometries, the physical area of the driven and grounded electrodes can be used to

determine the self-bias voltage assuming the sheath areas correspond with the physical areas

of the electrodes. In planar-electrode configurations, when the driven electrode is capacitively

coupled to the generator, there is no path for the initial extra electron current from the plasma

to dissipate. This results in the capacitively coupled electrode charging negatively with respect

to the plasma in steady state, and is the “classical” formulation of the self-bias voltage, which is

defined as the DC voltage of the electrode relative to ground. Figure 3.3 shows a circuit model for

a capacitively coupled RF discharge. There are two sheaths, one at the driven electrode (a) and

one at the grounded electrode (b). The self-bias voltage is simply the difference between the two

sheath drops, a result of Kirchoff’s Voltage Law (ΣV = 0):

VSB = −(Va − Vb) (3.7)

where Va and Vb are the time-averaged values of the sheath drops at a and b, respectively.

The driven, capacitively-coupled electrode floats to VSB, and the potential difference between

the bulk plasma and the driven electrode remains such that the particle fluxes to the driven elec-

trode are equal over an RF cycle, but here the electrode voltage adjusts (instead of the plasma

potential). If the sheath capacitances for sheath a and b are given by Ca and Cb, respectively, the

self-bias voltage can be written as:

VSB =
Ca − Cb

Ca + Cb
VRF (3.8)

where VRF is the magnitude of the RF driving voltage. Note that CB is an external capacitor

whereas Cb is the sheath capacitance at sheath b. The time-averaged plasma potential Vp, ne-



31

FIGURE 3.3: Circuit diagram for a capacitively coupled, RF discharge [23]. CB is an external capaci-
tor.

glecting the floating potential, is given by:

Vp =
Ca

Ca + Cb
VRF (3.9)

The sheath capacitances are approximately proportional to the sheath areas, therefore the

voltage drop across the sheath is inversely proportional to the electrode area and the electrode

with the smaller area has the larger voltage drop. This can also be interpreted from a particle

balance perspective. The electrode with the smaller area has a lesser effect on the global losses

from the plasma, and therefore has a lesser effect on the time-averaged plasma potential. The dif-

ference between the time-averaged plasma potential Vp and the electrode potential then increases

since the larger area electrode is “setting” the plasma potential. If the sheath capacitances are the

same (a symmetric discharge), there is no self-bias voltage because the time-averaged sheath

drops across both sheaths are the same [33,34].

If the driven electrode has a DC path to ground, the time-averaged plasma potential will adjust
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such that the total particle flux (current) from the plasma is zero (electron and ion fluxes are equal),

and a net current may flow to ensure equal fluxes. Figure 3.4 shows the plasma potential Vp(t) and

the driven electrode voltage for symmetric and asymmetric geometries for DC and capacitively-

coupled electrodes.

FIGURE 3.4: Plasma potential Vp(t) and driven electrode voltage (dashed line), including DC and
capacitively-coupled driven electrodes, for symmetric and asymmetric geometries [35].

In general, the self-bias voltage will be set self-consistently by particle balance in the discharge.

In the presence of RF fluctuations, the DC floating potential (Eq. 3.1) for an undriven electrode is

modified to include the effects of the electron oscillations. The net, time-averaged particle fluxes

will be equal, which for sinusoidal potential fluctuations is written as [33,34]:
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1
4

nsve exp

[
e(V1 sinωt + Vp)

kTe

]〉
= 〈nscs〉 (3.10)

where ns is the density at the sheath edge, ve is the electron velocity, V1 is the amplitude of the

RF fluctuations, Vp is the RF floating potential (to be solved for) and cs is the ion sound speed.

Note that because it is assumed ω2
pi � ω2

RF , the ion flux is unaffected by the plasma potential

oscillations. The time-average in Eq. 3.10, denoted by 〈〉, is calculated using:

〈f (t)〉 =
ω

2π

∫ 2π/ω

0
f (t)dt (3.11)

The modified Bessel function of the first kind, defined as:

I0(a) =
ω

2π

∫ 2π/ω

0
exp [a sin(ωt)] dt (3.12)

will be helpful in calculating the RF floating potential due to the exponential dependence of the

electron flux on the potential in Eq. 3.10. Carrying out the time-average,

Vp = |Vfl | +
kTe

e
ln
[
I0

(
eV1

kTe

)]
(3.13)

where Vfl is given by Eq. 3.1 (≈ 4.7kTe in argon) and I0 is the modified Bessel function of the first

kind [33, 34]. For insulating walls, the plasma will float to a voltage Vp above the walls since the

particle fluxes must be equal. For grounded conducting walls, the fluxes need not balance but the

integrated fluxes (particle currents) must balance throughout the system [23]. For small plasma

potential fluctuations, (eV1
kTe
� 1), Vp → |Vfl |.

The RF floating potential from Eq. 3.13 is plotted in Fig. 3.5 versus the amplitude of the RF

fluctuations, both normalized to the electron temperature. The magnitude of the self-bias voltage

approaches the magnitude of the fluctuations of the plasma potential for large magnitude fluctua-

tions.

It is important to note that because of the RF fluctuations, DC (time-averaged) sheath voltages
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FIGURE 3.5: Modification of floating potential by fluctuations in the plasma potential.

(the self-bias) much higher than those in DC discharges can be supported while satisfying zero

net (time-averaged) current flow since the plasma electrons are not confined for all times in the

discharge. For low amplitude plasma potential fluctuations (eV1 ≈ kTe), the difference between

the RF and DC floating potentials is only Vp− |Vfl | ≈ 0.25kTe/e. Only when the fluctuations reach

V1 ≈ 2.25kTe/e do the RF and DC floating potentials differ by an electron temperature kTe/e.

3.2 Ambipolar Plasma Expansion

Expansion of a plasma into a region of lower density plasma or vacuum can lead to ion accel-

eration, a phenomenon well known and well studied since the 1930s [8]. The expansion of plasma

leads to an electron pressure gradient (pe = nekTe) and an electric field forms to retard mobile

electrons and accelerate the massive ions, similar to a sheath at a plasma boundary. However,

instead of at a boundary, this sheath-like potential structure forms from the expansion of plasma,

in free space. This ambipolar potential is similar to a double layer, but occurs over a longer dis-

tance (a few ion-neutral mean free paths) and is not caused by charge separation that violates the

Debye shielding condition. A beam of ions can be formed that is highly divergent at low pressures.

If a constant electron temperature is assumed through the expansion, the resulting density profile

will be [8]:
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ne(z) = ne0exp
[

e(Vp(z)− Vp0)
kTe

]
(3.14)

where ne0 is the initial density at the expansion point and Vp0 is the plasma potential there. Am-

bipolar diffusion does not require separation of charge over larger than a few Debye lengths, which

is what differentiates it from a double layer (see Section 3.3). The Debye length is the distance

over which a separation of charge can occur in a uniform density and temperature plasma:

λD =

√
ε0Te

ene
(3.15)

where Te is the electron temperature and ne is the electron density. In an ambipolar expansion,

the electrons’ density and potential follow the Boltzmann relation, and no violation of the Debye

shielding criterion occurs. In magnetically expanding plasmas, a further calculation can be made

under the assumption that the plasma is tied to the field lines so the density profile is known. If

radial diffusion and collisions can be ignored through the expansion, the ions and electrons will

follow the magnetic field lines. The physical picture is shown in Fig. 3.6.

FIGURE 3.6: Expansion of a plasma along field lines. A is the cross sectional area, B is the magnetic
field strength, v is the ion velocity and n is the plasma density. Subscripts 1 and 2
denote the upstream and downstream quantities, and vB is the Bohm velocity. Vd is the
distributed potential difference that arises from the plasma expansion.
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The cross-sectional area of the expanding plume can be calculated from the magnetic field

strength:

A2 = A1
B2

B1
(3.16)

where A and B are the cross sectional area and magnetic field, and the subscripts 1 and 2 denote

the upstream and downstream quantities. The conservation of ion flux and energy lead to:

n1vbA1 = n2v2A2 (3.17)

1
2

Mv2
b + eVd =

1
2

Mv2
2 (3.18)

where n is the ion (and electron) density, v is the ion velocity (assumed to be the Bohm velocity

vb = cs upstream) and eVd is the potential drop due to expansion. Eqns. 3.14, 3.16, 3.17 and 3.18

can be solved for eVd/kTe as a function of A2/A1 = B1/B2:

A2

A1
=

eeVd/kTe√
1 + 2eVd

kTe

(3.19)

This equation can be solved numerically, and the result eVd/kTe vs. A2/A1 is plotted in Fig. 3.7

for expansion ratios near those found in our experiment.

The potential drop approaches a few times kTe/e for large expansion ratios, up to Vd ≈ 5kTe/e

for the highest expansion ratios in MadHeX. In this model, the potential gradient as well as the ion

density ratio are “set” by the magnetic field profile, which is independent of the magnetic field

strength, and the electron temperature. Therefore, if the expansion is collisionless and radial

diffusion can be ignored, the potential and density gradient will be independent of the source

parameters.
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FIGURE 3.7: Normalized potential drop eVd/kTe vs. expansion area ratio A2/A1 = B1/B2 calculated
from Eq. 3.19.

3.2.1 Experimental Evidence

Ion acceleration has been observed in expanding helicon plasmas, and the distinction between

double-layer-containing acceleration and simple ambipolar expansion can be unclear. Some ex-

periments observe acceleration over several hundred Debye lengths, but still claim double layer

formation since the potential gradient is too large to be explained by ambipolar expansion. Other

experiments clearly observe double layer formation, a few of which are highlighted in Section

3.3.6. The following is a summary of a few experiments that have seen ion acceleration but have

not directly claimed double layer formation.

Corr et. al. [36, 37] observed ion beam formation in their geometrically expanding reactor be-

low argon pressures of 3 mTorr. The Bilby reactor (see Fig. 3.8) consists of a 14 cm diameter,

28 cm long aluminum expansion chamber adjacent to a Pyrex source tube with varying diameters

(2, 4.5, 6 cm) without a static magnetic field. They found that a lower ratio of source to expansion

chamber radius results in a higher energy beam, due to the increase of plasma density and po-

tential gradients between the source and expansion regions with the smaller tubes. An ion beam

with energy of Eb ≈ 50 eV in a plasma with kTe ≈ 8 eV is measured near the source-expansion

chamber interface in the Bilby system with a 4.5 cm diameter source tube at 0.6 mTorr and 100 W

RF power.

Lafleur et. al. [38] measured the plasma potential with a 4-grid RPA and an emissive probe

(EP) in their Piglet helicon reactor (see Fig. 3.9), which consists of an 18 cm long, 13.6 cm inner
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FIGURE 3.8: Inductive Bilby reactor at ANU [36].

diameter Pyrex tube connected to a 28.8 cm long, 30 cm diameter aluminum diffusion chamber

with a static, expanding magnetic field of 160 G (maximum). A grounded metal grid is installed at

the pump end (opposite the diffusion chamber) An ion beam with energy Eb ≈ 18 eV was observed,

accelerating over 15 cm, at a pressure of 0.33 mTorr with a double saddle coil antenna at 200 W

RF power and 13.56 MHz. The electron temperature kTe ≈ 5 eV at 0.33 mTorr is measured

downstream of the acceleration region using an RF-compensated Langmuir probe (LP). Their

group also measured beams present in their reactor only for a narrow range of magnetic fields

(10 - 30 G), where a large density peak was observed (up to 1.5 x 1011 cm−3) at low magnetic

fields (≈ 20 G) [39,40].

Longmier has recently observed ion acceleration in the helicon stage of the VASIMR VX-200i

[11] device. The expanding magnetic nozzle region leads to a decaying axial potential profile due

to the ambipolar field. Ion speeds up to vi/cs = M ≈ 4 downstream of the magnetic nozzle,

corresponding to a 20 eV ion beam in argon. The magnetic field strength is 1.7 kG and RF power

up 30 kW is applied to the helicon antenna. The argon flow rate is 840 sccm, which results

in a peak electron density of 1 × 1014 cm-3 (95% to 100% ionization fraction) and an electron
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FIGURE 3.9: Piglet helicon reactor at ANU [38].

temperature of 9 eV. The potential structure that forms in the exhaust has a similar character

to the expanding magnetic field profile. Ion acceleration was observed over 104 to 105 Debye

lengths. In the 150 m3 expansion chamber, the background electron density is near 109 cm-3 and

the background neutral pressure is 2 × 10-5 Torr. The VX-200i device is shown in Fig. 3.10.

Dunaevsky [41] observed ion acceleration in a capacitive capillary discharge, with energies

greater than 100 eV. A molybdenum gas feed, 0.6 mm wide and 18 mm long, acted as the positive

electrode, and a ground electrode of copper foil was wrapped around the outside of the 1 mm

wide and 10 mm long capillary. Argon gas was fed into the capillary at 2 to 10 sccm, resulting in

pressures between 7 to 18 Torr. The discharge was driven with 2 MHz RF with antenna voltages

between 210 V and 230 V, or an RF power of 15 - 20 W. Thrust on the order of 0.3 mN for 2 sccm

of xenon was estimated and 0.4 mN at 10 sccm with RF power below 20 W. No double layer

structures were observed in the plume. This research gives experimental proof that a capacitive

discharge could be used to generate thrust. Though not discussed directly in the article, the

self-bias effect certainly plays a role in ion acceleration.
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FIGURE 3.10: VX-200i helicon thruster [11].

3.3 Double Layers

In addition to ambipolar expansion, double layers have been observed in the expansion region

of helicon plasmas. Double layers are narrow regions of non-neutral plasma, on the order of typical

sheath dimensions, that support large potential gradients due to the separation of two adjacent

layers of opposite charge. They can form between two plasma regions with differing parameters,

such as density or temperature. Double layers have many similarities to sheaths that form at the

boundaries of plasmas, but unlike sheaths, they are not connected to plasma boundaries.

Double layers have been shown to be partially responsible for the Northern Lights, or Au-

rora Borealis, which occurs due to acceleration of solar wind particles into the Earth’s atmo-

sphere. They have been investigated in many area of research including geophysics, laser ab-
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lation plasmas, materials processing and lab experiments [42] and are important in astrophysical

plasmas [43,44]. There has been recent interest in these structures for ion acceleration in helicons

and other plasma sources for thrust purposes since they accelerate ions without the use of grids

or other lifetime-limiting wear items, making them relevant to the present work.

A double layer is simply an ion-rich layer connected to an electron-rich layer with dimensions on

the order of a typical sheath, i.e. on the order of Debye lengths. A double layer has the potential

structure shown in Fig. 3.11(a), which results in the ion and electron phase spaces shown in

Fig. 3.11(b). There exist four populations of particles, free and trapped electrons and ions. Ions

streaming downstream (in the positive x direction) are accelerated. Ions with sufficient energies

coming from downstream (right) can make it "over" the potential hill with decreased kinetic energy,

and those that cannot overcome the potential barrier are reflected. Ions on the upstream (left) side

of the double layer are accelerated by the potential gradient. Only upstream energetic electrons

with an energy larger than the potential gradient can make it over the double layer, electrons

without sufficient energy are reflected. Downstream electrons are accelerated upstream by the

potential. This structure is determined self-consistently by the particles moving in the electric field

set up by their net charge distribution [43]. Double layers are considered strong when the potential

drop is large compared to the thermal potentials (φDL � kTi
e , kTe

e ) and weak if the potential drop is

on the order of or lower than the thermal potentials.

Double layers can be classified as current carrying, where there is a net current carried through

the double layer, or current free, where there is no net current. Current carrying double layers

have been studied extensively in several types of devices. Hershkowitz [45] gives a thorough

review of double layers seen in laboratory experiments, focusing on current-carrying double layers

in Q-machines and double/triple plasma experiments as of 1985, and includes an overview of

theory. Q-machine and double/triple plasma devices are ideal for studying double layers since the

ionization is occurring at the ends of the device and little ionization occurs in the DL region. They

are sustained by DC filament discharges, which are fairly “quiet” devices. There is also a great

deal of control over the distribution functions of the particles, providing a great deal of flexibility.
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FIGURE 3.11: (a) Potential structure and charge distribution of a double layer. (b) Ion and electron
phase space resulting from the double layer potential [43].

Current free double layers were postulated by Perkins [46] as solutions to the Vlasov-Poisson

equations exhibiting the following four criteria: (1) an isolated non-quasineutral region of abrupt

potential change (2) Maxwellian ions and electrons upstream of the DL (3) Maxwellian electrons

on the downstream side but counterstreaming ions so there is no net current and (4) the potential

decreases from the upstream to the downstream side. Current free double layers (CFDLs) are

attractive because their net energy dissipation (~E · ~J) goes to zero and no mass plasma flow is

necessary to sustain them. Also, propulsion devices utilizing a CFDL would not require a separate

source of electrons to neutralize the ion flow and avoid spacecraft charging, as typical electron

sources are lifetime-limiting.

Recently, CFDLs been found experimentally in an expanding plasma that uses no grids (Fig.

3.12). Devices containing these double layers have a dielectric source chamber and a grounded
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diffusion or expansion chamber, and an axially expanding magnetic field is imposed. The CFDL

is observed at the junction between the two regions. Charles [12] gives a more recent review

of double layers focusing on these devices, including scaling of double layers with experimental

parameters, and a brief review of experimental evidence of double layers in these types of devices

is given in Section 3.3.6.

FIGURE 3.12: Geometry of expanding RF plasma source that produces CFDLs [12]. B indicates
magnetic field coils, rf indicates the antenna and DL is the location of the double layer
formation.

Three prominent models exist for the presence of a CFDL in an expanding plasma such as

those seen recently in helicon sources [47]. These models, while not complete, have faithfully

described observations in experiments. These models include a thermal ion population upstream

and a flowing ion population downstream, as well as a thermal electron population upstream. They

differ in their treatment of an additional electron population on the upstream side of the double

layer.

Chen Model [48] Chen considers a Maxwellian upstream electron population, with no additional

energetic electron population accelerated by the double layer. Some of the upstream elec-

trons are energetic enough to overcome the potential gradient of the double layer, and make

it downstream. The plasma expansion is considered to be a simple Boltzmann expansion

(see Section 3.2) until the point where quasineutrality breaks down (ne/ne0 = e−1/2) and

the double layer forms. The double layer potential is self-consistently set such that equal

electron and ion fluxes can flow across it, and it is therefore current free. This potential is

the floating potential of a probe in the plasma, or Vs ≈ 5.2kTe/e for argon. This theory lacks
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a mechanism to explain the neutral pressure dependence of the double layer (see Section

3.3.3), which is seen in experiments, since the model is collisionless.

Lieberman Model [49] The Lieberman model also uses the same populations of particles as the

Chen model, but it includes a population of electrons that are accelerated from downstream

to upstream by the potential gradient of the double layer. This theory is able to predict the

neutral pressure dependence of the potential gradient since it is a diffusive model. The

additional electron losses at the upstream sheaths due to the accelerated electrons must

be balanced by the increased ionization from these electrons. When the neutral pressure

is too low, there are not enough electron-neutral ionizing collisions and the double layer

collapses. When the neutral pressure is too high, there is no longer a need for ionization by

the energetic electrons and the double layer vanishes. The Lieberman model is discussed

further in Section 3.3.3.

Ahedo-Sánchez Model [42] The Ahedo-Sánchez model includes the populations of particles as

the Chen model as well as a bi-Maxwellian electron population upstream of the double layer.

This model is collisionless, so it cannot describe the neutral pressure dependence of the

double layer strength. The model derives a parametric region for DL formation, as a function

the temperature ratio Th/Tc of the hot and cold electrons and the ratio of nh/n0 of the hot

electron density to the total density. For a distribution without hot electrons, the DL cannot

form (see Fig. 3.15).

It is important to note that potential drops on the order of 3 - 5kTe/e are also possible under

ambipolar expansion as well as with a double layer, but ambipolar expansion occurs on a much

longer length scale than the double layer. The potential gradient from ambipolar expansion is set

by the magnetic field geometry (expansion ratio), assuming the plasma is tied to the magnetic

field lines. Ambipolar expansion also results in a density gradient through the expansion, which is

larger than the density gradient through a double layer. This can be used to distinguish a double

layer from a simple ambipolar expansion. The qualitative difference between ambipolar expansion

and an expansion containing a double layer is shown in Fig. 3.13(a).
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FIGURE 3.13: (a) Plasma potential due to gradual, ambipolar expansion of plasma (b) Plasma po-
tential due to electrostatic shock [8].

3.3.1 Double Layers and P-N Junctions

There are several similarities between a double layer and the depletion region in a p-n junction

in a semiconductor diode, and to better understand double layers, the similarities and differences

between these two will be explored. Despite the obvious differences between semiconductors and

ionized gaseous plasmas, parallels can be drawn to further the understanding of double layers.

In fact, circuit models of plasma sheaths typically include a diode to represent the exponential

behavior of the electron current on the voltage across the (single) sheath at plasma boundaries

[33].

A p-n junction consists of two regions of semiconductor of differing type sandwiched together.

The first region, the n-type, is doped with atoms that provide free electrons in the region (donor

atoms). The other region, the p-type, is doped with atoms that provide “electron holes”, or va-

cancies in the atomic lattice, that can accept electrons (acceptor atoms). At the junction of these

two types of semiconductors, a depletion region exists where the free electrons from the n-type

region can diffuse into the p-type region with extra electron holes due to the finite temperature of

the electrons. The electrons and holes in the depletion region recombine, and in the p-type region
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FIGURE 3.14: Diagram of p-n junction. In the depletion region, the recombination of electrons and
holes leads to a build up of space charge (+ and - circles) resulting in an electric field
and potential gradient. The potential profile is very similar to that of a double layer, as
shown in Fig. 3.11(a).

form negative ions and in the n-type region form positive ions. The regions of separated charge

formed by the positive and negative ions builds up and retards further electron diffusion as well

as causes a drift of the electrons. In equilibrium, the depletion region has a finite width and a

potential gradient is formed due to the space charge and resulting electric field, and the drift and

diffusion currents of electrons (or holes) are equal. The equilibrium potential drop is called the

“built-in voltage”, and is given by [50]:

Vbi =
kT
e

ln

[
NAND

n2
i

]
(3.20)

where T is the material temperature (near room temperature, kT ≈ 0.025 eV), NA is the number

density of acceptor atoms, ND is the number density of donor atoms and ni is the intrinsic carrier

density, the number of electrons that are thermally excited into the conduction band (a function
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of temperature, ni ≈ 1010 cm-3 for silicon at room temperature). If the p-n junction is biased

externally, the applied bias will either add to or subtract from the built-in voltage. When the p-n

junction is reverse biased (positive potential connected to n-type region), the applied bias adds

to the built-in voltage, impeding current flow as the conduction electrons see an “uphill” potential

profile. If the p-n junction is forward biased (positive potential connected to the p-type region), the

applied bias subtracts from the built-in voltage. As the applied forward bias surpasses the built-in

voltage, current is able to flow through the p-n junction readily and exponentially increases with

applied voltage.

Similarities

There are several similarities between double layers and p-n junctions, a few of which are outlined

below.

Interface of Two Regions Both p-n junctions and double layers form at the junction of two dis-

tinct regions. Double layers can also form via other mechanisms, such as current flow or

expansion of a plasma in a divergent magnetic field, but they have been extensively studied

in double- and triple-plasma devices at the interface of two plasmas [45].

Temperature Dependence The built-in voltage of a p-n junction is a function of the material tem-

perature. Although the electron temperature in a ionized gaseous plasma is much higher

than for conduction electrons in a semiconductor, it has been shown that the potential drop

across a double layer is in some cases a dependent on the electron temperature [12].

Potential Profile The potential profile in both double layers and p-n junctions is a result of the

separation of charge in space. In a p-n junction, the space charge is a result of positive and

negative ions that are present near the depletion region as a result of diffusion of electrons

and holes. In a double layer, the space charge separation can be due to several mecha-

nisms, including the diffusion of electrons from a region with higher electron temperature

or a laminar shock-type effect. In either case, the potential profile has a region of positive

curvature followed by a region of negative curvature as a result of these regions of charge.
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Current Flow Both p-n junctions and double layers are affected by the flow of current. Forward bi-

asing a p-n junction results in the exponential conduction of current through the device. Sim-

ilarly, the electron current through a sheath (single layer) is has an exponential dependence

on the sheath voltage. However, the I-V trace of a double layer is not as well understood as

for p-n junctions.

Physical Dimensions Depletion region width is dictated by the dopant level (density) and scales

with the square root of the bias voltage across the junction (below the built-in voltage) [50].

A double layer is a sheath phenomenon, with dimensions on the order of the Debye length,

a function of the electron temperature and density. While the depletion region width is not a

direct function of temperature, the built-in voltage is dependent on temperature. The width

of a double layer has also been shown to scale with the square root of the potential drop

across the double layer [49].

Role of Boltzmann distribution The number of electrons in the conduction band in a p-n junction

is a function of the Fermi function and the density of available electron states, whereas the

the electron density in a plasma typically follows a Boltzmann relation between the electron

density and plasma potential and electron temperature.

Differences

Not including the obvious distinctions of semiconductors and ionized gaseous plasmas (particle

densities, sustainment mechanisms, lattice effects, etc.), p-n junctions and double layers also have

important differences:

Applied Potential The potential drop across the depletion region in a p-n junction is linearly af-

fected by an applied bias voltage, whereas the potential drop across a double layer, in the

presence of an applied potential, will generally not vary linearly with the applied potential.

The plasmas surrounding the double layer will be affected nonlinearly by the applied bias,

and may lead to the disappearance or growth of the double layer.

Reverse Breakdown In a p-n junction, a very small current flow in the reverse direction is possible
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until avalanche breakdown occurs. Double layers do not exhibit any breakdown phenomena.

Formation Mechanism The charge separation in a p-n junction is caused by positive and nega-

tive lattice ions, whereas the charge separation in a double layer is the result of the separa-

tion of electrons and ions in free space by thermal diffusion, flow or other forces.

Particle Motion In electropositive double layers, there are four populations of particles, free and

trapped electrons and ions. In a p-n junction, there are also four types particles, two of which

are held in the crystal lattice (positive and negative ions) and two are free (the electrons and

electron holes). On either side of a double layer, there is quaisneutral plasma consisting of

ions and electrons, whereas in a p-n junction there are mainly majority carriers on either side

(holes or electrons), and very few minority carriers (electrons or holes).

Magnitude of Potential Drop The built-in voltage in a p-n junction is often less than 1 V (0.7 V

for silicon, 0.3 V for germanium). Typical double layer potential drops are at least an order of

magnitude higher, due to the larger electron temperature and free energy in ionized gaseous

plasmas.

3.3.2 Fast Electron Effects

Hairapetian and Stenzel [51] have examined the effect of a two-temperature electron distribu-

tion in a collisionless, weakly divergent plasma formed by a transient DC gas puff system. Detailed

experimental measurements of density, potential and distribution functions reveal a high density

cold electron (4 eV) population and a low density high energy electron (80 eV) population in the

source region. As the plasma expands, the energetic tail electrons electrostatically trap the cold

electrons and prevent them from reaching the expansion front, and a double layer forms at the cold

electron front. The double layer propagates near the sound speed and then stagnates at a position

dependent on the relative populations of electron populations. The fast electron population can

make it over the potential hill of the double layer act to neutralize the plume.

Ahedo [42] also gives an analytical model for two temperature distributions expanding in a

collisionless plasma in a convergent-divergent nozzle system and shows that current free double
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layers can form in these systems and includes a parametric range for formation. Fig. 3.15 shows

the parameters α, the normalized hot electron component density, and τ , the ratio of the hot

electron temperature to the cold electron temperature that allow DL formation. Note that for α

= 0 (no hot electron component), the double layer cannot form and there is simple quasineutral

expansion.

FIGURE 3.15: α = nh0/n0 and τ = Th/Tc parameter range for DL formation [42] in a convergent-
divergent nozzle system [42].

3.3.3 Pressure Dependence

Lieberman [49,52] presents a diffusion-controlled model for formation of a CFDL in a low pres-

sure plasma and derives both upper and lower pressure limits for beam formation in the geometry

shown in Fig. 3.16(a). The upper limit is reached when the energy relaxation length for ioniz-

ing electrons becomes comparable to the system length, and the double layer disappears at low

pressures due to a loss of ionization balance between upstream and downstream of the double

layer. This explanation assumes a physically expanding system where there are higher surface

losses upstream which are compensated for by ionization from the upstream-flowing accelerated

electrons. For comparison, experimental data from Charles [53] shows a double layer strength of

eVs/kTe = 3 for their experiment [53], which is classified as a moderate strength DL. The pressure

dependence has been experimentally verified by West [54].
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FIGURE 3.16: (a) The system geometry used in Lieberman’s theory for formation of CFDLs. (b) The
pressure range for formation of CFDLs according to this theory [49].

Lieberman [49] gives an expression for the width of a double layer as a function of the potential

drop Vd and the electron temperature Te:

LDL ≈ 10λD

√
eVd

kTe
(3.21)

where Te is the electron temperature and λD is the Debye length. Note that for most double layers

seen in helicon devices (see Section 3.3.6), the width is on the order of tens of Debye lengths,

perhaps up to 100 Debye lengths for strong potential drops.

Baalrud [55] derives the pressure limits for the double layer formation based on a 1D kinetic

model instead of Lieberman’s 3D diffusion-controlled model, although the physical arguments are

the same. The low pressure limit is given by:

pmin ≈
e−1/2

√
2πme/Mi

nn0σenLs
(3.22)
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where nn0 = 3.25 × 1019 [m-3/mTorr], σen is the electron-neutral cross section and Ls is the length

of the source. For long source tubes, the minimum pressure for DL formation decreases, which

results in a larger double layer drop (see Fig. 3.16(b)). The maximum pressure for DL formation

is:

pmax ≈
1

nn0σenLd
(3.23)

where Ld is the length of the downstream chamber. The DL vanishes when too many electrons

are accelerated upstream, and the DL cannot adjust enough to preserve current balance.

3.3.4 Thrust From a Double Layer

Fruchtman claims the net thrust from a double layer must be zero in order for momentum to be

conserved [56]. They claim the ion acceleration seen in some devices from CFDLs is due to the

magnetic field pressure balancing the plasma pressure rather than the electrostatic pressure from

the double layer. The double layer must "push" on the plasma pressure through the magnetic field

pressure upstream in order to impart momentum to ions flowing downstream. However, if there is

not sufficient magnetic field pressure upstream, the ions “push” on the wall and are lost through

the sheaths, an undesired loss mechanism. Charles [8] gives an expression for these losses:

Ploss = Asheathqnsheathvi (Vp +
2kTe

e
) (3.24)

where Asheath is the total sheath area, q is the ion charge, nsheath is the density at the sheath, vi is

the ion velocity into the sheath (the Bohm velocity), Vp is the plasma potential and each ion that

leaves take an electron with it and the energy lost is 2kTe/e.

3.3.5 Computational Modeling

Several researchers have developed particle-in-cell (PIC) codes to probe the existence of a

CFDL in these systems. Meige [57], using a one dimensional (space) and three dimensional (ve-

locity) code observed CFDL formation and ion beams up to 60 eV in a system with geometry

similar to that shown in Fig. 3.12. Fig. 3.17 shows the ion velocity distribution vs. z in the com-
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putational domain. In order for the DL to be current-free, the upstream source region had to be

allowed to charge. If the ends of the domain were at the same potential, a current was observed.

FIGURE 3.17: Result of PIC simulation of a current-free double layer. The ion velocity distribution
(top) shows the formation of a beam near 5 cm (the point of physical expansion) with
velocity up to 8 km/s. The resulting IVDF at three axial locations are also shown
(bottom) [57].

Baalrud et. al. [55], using a code similar to that used by Meige, investigated electron energy

distributions in the upstream and downstream regions. They found that the maximum potential

drop of the double layer is the floating potential of the system, calculated using the downstream

electron temperature, which was always lower than that of the upstream region.

3.3.6 Experimental Evidence

Charles [53,58–60] was one of the first to observe a current-free double layer in an expanding

helicon source with an energy analyzer using their Chi-Kung device (see Fig. 3.18). Chi-Kung

consists of a 20 cm long double-saddle antenna, driven at 13.56 MHz, wrapped around a 15 cm

diameter, 30 cm long glass tube which is connected to a 32 cm diameter grounded diffusion
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chamber. Two solenoids provide a magnetic field up to 250 G. Beam energies up to Eb = 3kTe, or

25 eV, were observed at argon pressures below 0.5 mTorr, which formed over ≈ 50 Debye lengths.

Higher upstream electron temperatures were observed upstream of the double layer.

FIGURE 3.18: Chi-Kung experimental device [53] including magnetic field profile, diagnostics and
vacuum system.

Cohen reported ion acceleration up to 30 eV (4kTe) initially [61] and later [62] to 65 eV

(3 to 10kTe) in argon using Laser Induced Fluorescence (LIF) in their Magnetic Nozzle Exper-

iment (MNX ) helicon device with a magnetic nozzle (see Fig. 3.19). MNX consists of a 4 cm

diameter double-saddle antenna, driven at 26.75 MHz, wrapped around the 30 cm long glass

source tube, which is attached to a 20 cm diameter, 45 cm long main chamber. A 1 cm diameter

metal aperture separates the main chamber and the 10 cm diameter, 1 m long expansion region

(ER), which leads to a drift chamber. Differential pumping and the low conductance aperture pro-
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vide a large pressure differential (up to a factor of 10) between the main chamber and the ER. Two

solenoids and a nozzle coil coincident with the aperture provide a magnetic field of several hun-

dred G with an adjustable peak field up to 1.4 kG. Typical conditions are PRF ≈ 500 W, B ≈ 575 G

with a 1.4 kG nozzle peak, and pressures of 0.5 mTorr in the main chamber and 0.135 mTorr in

the ER. They concluded the ion acceleration is not due to magnetic nozzle acceleration or simple

plasma expansion, but is due to a double layer that is induced near the aperture. They also saw

evidence [62] of a two-temperature electron distribution downstream of the ion acceleration, with

higher tail electron temperatures (0.1% fast electrons), which they claimed may be responsible for

the high potential drops (and beam energies) in their system.

FIGURE 3.19: Magnetic Nozzle Experiment MNX experimental device [61] including magnetic field
profile, diagnostics and vacuum system. Physical aperture M2 limits the gas flow into
the Expansion Region from the Main Chamber.

Sutherland [63] observed double layer formation in the large-volume WOMBAT helicon reactor

(see Fig. 3.20), up to Eb = 5 - 7kTe in argon. Gas is fed into the diffusion chamber and the source

is fed by diffusion. The reactor consists of a 50 cm long, 20 cm diameter Pyrex tube joined to a 1 m

diameter grounded diffusion chamber. Up to 500 W of 7.2 MHz RF power is fed into the double-
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saddle antenna, and a magnetic field of 250 G is provided by two solenoids. The ion beam forms

over Ld ≈ 20 Debye lengths at argon pressures between 0.09 and 0.3 mTorr, and the DL location

was found to be tied to the magnetic field profile, not the location of the physical expansion.

FIGURE 3.20: Waves On Magnetized Beams And Turbulence (WOMBAT ) experimental device [63]
diagnostics and vacuum system. Gas is fed into the diffusion chamber, opposite that
of the configuration of MadHeX.

Experiments on the HELIX/LEIA device at WVU (see Fig. 3.21) have investigated the time

development of the double layer as well as the effect of RF frequency using LIF and energy an-

alyzers [64–66]. The HELIX/LEIA device consists of a 10 cm diameter, 61 cm long Pyrex tube

connected to a 15 cm diameter, 91 cm long grounded chamber which is then connected to a 2 m

diameter, 4.5 m long space chamber. RF power up to 2 kW is coupled to a 19 cm long half-turn

double-helix antenna wrapped around the Pyrex tube, and argon pressures are 0.2 mTorr in the

source and 0.05 mTorr in the space chamber. Double layer and ion beam formation was observed

at RF frequencies above 11.5 MHz, with ion beam energies around 15 eV and spatial extents
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of tens of Debye lengths, however formation over hundreds of Debye lengths has also been ob-

served on a variant of this system [64]. Figure 3.22 shows the beam evolution vs. axial distance

and the results of a particle-in-cell (PIC) calculation showing the ion distribution vs. z through a

double layer. They measured low frequency (ion acoustic) instabilities at RF frequencies below

11.5 MHz, which they indicate prevent the DL from forming below the threshold frequency.

FIGURE 3.21: HELIX/LEIA experimental device [65] including vacuum system.

FIGURE 3.22: 3.22(a) Observations of beam energy vs. distance in the HELIX/LEIA source (top) and
particle-in-cell (PIC) computation of ion energies through a double layer [57] 3.22(b)
Ion energy distribution vs. source RF frequency in HELIX/LEIA [65].

West et. al. [54,67] measured DL formation in a helicon source immersed in a vacuum cham-

ber. The source, shown in Fig. 3.23, consists of a 15 cm Pyrex tube, 29 cm long immersed in a
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vacuum chamber 140 cm long and 100 cm in diameter. Two solenoids provide a magnetic field up

to 138 G. A double-saddle antenna, driven at 13.56 MHz at 100 W is wrapped around the Pyrex

chamber. A moderate energy beam (up to 30 eV) was measured with an RPA, and the pressure

dependence of the Lieberman model was confirmed.

FIGURE 3.23: HDLT helicon reactor at ANU [54].

Recently, Virko et. al. [1], using retarding potential analyzers (RPAs), observed ion beams in

argon accelerated over several centimeters with energies (Eb = e[Vbeam - Vplasma]) approaching

75 eV in their 4.5 cm diameter quartz helicon system with fixed permanent magnets (see Fig.

3.24). With an axially monotonic magnetic field profile with argon pressures below 1 mTorr, intense

pumping was required to achieve ambipolar ion acceleration up to 55 eV, which occurred even at

zero magnetic field. With a magnetic cusp, they found that the insulation of high-density source

and low-density drift regions created by the cusp led to non-ambipolar ion acceleration due to an

extended potential drop (DL) between the two regions, over 5 - 6 centimeters. Ion energies up to

75 eV were observed in this case at 700 W RF power and at pressures near 0.1 mTorr. Emissive

probes were used to measure plasma potentials, from 75 V to 110 V, in the source region.

Takahashi [68–70] has observed ion beam formation in argon in the EMPI device as well
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FIGURE 3.24: Helicon reactor used by Virko, et. al. [1].

as the Chi-Kung device at ANU used by Charles [53, 58–60]. The EMPI device, similar to the

Chi-Kung device, consists of an insulating source tube, 30 cm long, and a 20.8 cm diameter

grounded diffusion chamber (see Fig. 3.25). A triple-turn loop antenna driven at 13.56 MHz is

wrapped around the source tube, and up to 200 W RF power is supplied. Typical conditions for

beam formation are pressures pAr ≈ 0.4 mTorr - 0.6 mTorr, PRF ≈ 200 W, B ≈ 200 - 400 G. By

testing different source tube diameters, they found that when the argon ions become magnetized

in the source region, the DL and ion beam form. Two-temperature electron distributions were also

measured on these devices, with lower tail than bulk electron temperatures.

Fredriksen et. al. [71] and Byhring et. al. [72] have carried out ion beam formation experiments

in argon in the Njord double-saddle RF device of 13.7 cm diameter (see Fig. 3.26) with source-

region plasma potentials around 50 V. They have observed beams of 34 - 40 eV energy with an

8% beam fraction at low flow rates (1.2 - 1.5 sccm) utilizing an RPA, with 400 - 600 W of RF power

and magnetic fields in the 110 - 250 G range. They indicate a current free double layer forms

10 cm downstream from the maximum magnetic field gradient in the expansion region. They also

added a magnetic coil in the spherical dome region to extend the magnetic field expansion and

observed 25 eV argon ion beams which disappear when the extra coil current is high enough such

that the plasma is well confined into the downstream region, and the potential drop vanishes.
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FIGURE 3.25: EMPI device at Iwate University [68].

FIGURE 3.26: Njord double-saddle device [72].
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Summary

Ion acceleration is possible in expanding plasmas, either due to an ambipolar electric field that

builds to contain the more mobile electrons, or from a double layer potential structure that due to

the separation of charge in free space. Both types of potential structures are observed in expand-

ing plasmas in helicon sources, and their classification can be difficult. RF fluctuation of sheath

potentials in capacitively coupled discharges leads to a self-bias voltage, which forms to maintain

particle balance in the discharge. The understanding of ion acceleration in RF sources such as

helicons must include the RF nature of the source, which has not been thoroughly examined to

date.
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CHAPTER 4
Madison Helicon Experiment (MadHeX)

4.1 System Description

The Madison Helicon eXperiment (MadHeX), shown in Figs. 4.1 and 4.2, consists of a 10

cm inner-diameter (ID) Pyrex tube, 1.5 m long, joined with a grounded, stainless steel expansion

chamber, 45 cm in diameter and 70 cm long. Steel mesh (18 cm diameter) surrounds the Pyrex

chamber and is electrically grounded to the expansion chamber. Argon gas flows into the Pyrex

tube through a 5 mm inner diameter copper tube through the left (upstream) aluminum endplate,

which is electrically grounded to the steel mesh. An 8-inch Varian turbo-molecular pump (550 L/s

on N2) is located at the bottom of the expansion chamber (downstream). MKS 910 DualTrans

piezoelectric / Pirani gauges located at the up- and downstream endplates measure the pressure

at these locations, which are shown in Fig. 4.3. A Bayard-Alpert ionization gauge measures the

base pressure of the system, typically less than 10−6 Torr. A half-turn, double-helix antenna,

18 cm long and 13 cm in diameter (pictured in the inset of Fig. 4.1) surrounds the Pyrex chamber.

The downstream edge of the antenna denotes z = 0 cm in the system. Positive z is in the direction

of the gas flow, from upstream to downstream.

Most helicons flow gas into the system on the same side as it is pumped out, relying on

diffusion to bring neutrals to the source region, and thus can starve the source region of neutrals if
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FIGURE 4.1: MadHeX Helicon Facility. The RF antenna is shown in the lower left corner and the
static magnetic field value and gradient are shown above the system.

FIGURE 4.2: MadHeX in operation with expansion chamber.

enough ionization occurs. MadHeX is arranged with the gas flowing into the ionization region due

to pumping on the downstream side, and this configuration can mitigate density oscillations such

as those seen by Degeling [73]. These oscillations are due to a cycle of complete ionization and

neutral depletion enhanced transport, resulting in refilling of the source region. These oscillations
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also occur at very low gas flow rates and are the primary reason the source cannot operate stably

when the gas flow and resulting neutral density are below approximately 1 sccm and 0.25 mTorr

(upstream), respectively.

FIGURE 4.3: Pressure vs. argon flow rate measured at the upstream and downstream endplates.

The axial magnetic field is provided by six water-cooled electromagnets, each 7 cm wide with

an 18 cm bore. For all the experiments explored here, the magnetic field profile is configured in

a “nozzle” profile with a mirror ratio Rm = 1.44, with the peak at z = 28 cm. The system can be

configured in a “flat” field configuration without a peak at z = 28 cm. A Sorensen PRO 55-180T DC

power supply provides up to 180 A through the series-connected magnets, which corresponds to

a field of up to 1.04 kG in the source region. The on-axis B field (Bz) value and gradient are shown

in Fig. 4.4 for a magnet current of 60 A. Magnetic field values given below without a specified z

position refer to the magnetic field value in the antenna region from z = 0 to z = -18 cm. Computed

magnetic field lines for the nozzle field profile are shown in 4.5.
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FIGURE 4.4: Axial magnetic field (Bz) and magnetic field gradient (dBz/dz) vs. z for magnet current
I = 60 A. The solid line denotes Bz and the dashed line denotes dBz/dz. The shaded
region shows the extent of the RF antenna.

FIGURE 4.5: Computed magnetic field lines for nozzle field profile. Chamber outline (blue), magnet
locations (squares) and |Bz| (green) are shown for reference.

4.2 RF Antenna and Matching Network

An RF signal at 13.56 MHz is provided by an HP 33120A function generator, which is then fed

to a Comdel CX10KS amplifier, capable of delivering up to 10 kW steady-state. A two-capacitor
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matching network (shown in Fig. 4.6) is used to match to the antenna impedance, and forward and

reflected powers are measured with a Connecticut Microwave directional coupler with calibrated

RF diodes. The matchbox is tuned to reduce the steady-state reflected power to below 5% of the

incident power in steady-state for all cases shown. Fig. 4.7 shows the forward power vs. matching

capacitor values for a given load impedance at the antenna (ZL = [1.5 + 15j] Ω).

FIGURE 4.6: RF circuit including RF source, dual directional coupler, matching network and antenna
load (ZA).

FIGURE 4.7: Forward power coefficient (1 − |Γ|2) vs. C1 and C2 for a given antenna impedance (ZL
= [1.5 + 15j] Ω).
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4.3 Low Pressure Operation

Our recent paper (Wiebold et. al. [74]) describes a technique used to initiate helicon plasmas

at low flow rates. Typically, at low pressures (p < 1 mTorr), helicon sources can be difficult to

start. This is due to the low neutral density in the system and consequently the mean free path

for ionization being, on average, longer than the system dimensions, such that ionizing electron-

neutral collisions are rare.

This threshold, where the mean free path for ionization is longer than the system length

(λmfp > L) occurs near Q = 14 sccm in our system. Below this flow rate, our helicon has dif-

ficulty starting reliably and sometimes will not start at all. In order to overcome this, it was found

that by turning off the static magnetic field, starting the RF supply and getting a glow discharge

and then applying the magnetic field could allow operation below 14 sccm reliably. Upon further

characterization, it was found that there is a threshold magnetic field for discharge initiation, that

is, above a certain static magnetic field, the discharge will not begin reliably. See Fig. 4.8(a).

Below the threshold flow rate, the discharge can no longer be initiated by collisional ioniza-

tion between background energetic electrons and neutrals, and a resonant multipactor-initiated

discharge forms. Multipactor (resonant secondary emission) occurs at the Pyrex chamber bound-

aries which builds up a sufficient electron density such that a discharge can begin. The static

magnetic field significantly affects the multipactor process and can even quench the process all

together.

A discharge can be started without the magnetic field at flow rates below 0.1 sccm. Once a

discharge is started, the magnetic field can be raised and the discharge may transition from the

initial capacitive mode to the inductive and/or helicon modes if the conditions permit. Fig. 4.8(b)

shows the magnetic field, electron density and the forward and reflected RF powers during this

ramping process.

Evidence for the multipactor process is provided by long-exposure photographs of the experi-

ment at base pressure (no feed gas) in darkness and a simple positively biased Langmuir probe.
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FIGURE 4.8: (a) Magnetic field threshold for discharge initiation in the MadHeX system. (b) The
magnetic field ramping technique used to overcome this limitation. Data shown is for
5 sccm, 670 G final magnetic field and 600 W RF power setpoint.

A glow is present in the system and current is detected by the Langmuir probe for magnetic fields

below the threshold value for a given power, and the glow and current disappear for fields above

the threshold (the multipactor process is quenched). If the magnetic field is decreased from above

through the threshold value, the glow and current reappear (see Fig. 4.9). This technique is used

throughout the research for initiating discharges.
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FIGURE 4.9: Multipactor-induced glow is present only for magnetic fields below the threshold field
value for a given power level. The exposure time is 8 seconds for the lower three
photos, and the experiment in room light is given for reference.
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4.4 Georgia Institute of Technology

Collaborative research with Georgia Institute of Technology (Prof. Mitchell Walker and Dr. Alex

Kieckhafer) is underway to examine the operation of a mock-up of the UW helicon source in a large

vacuum chamber, as well as to directly measure any thrust produced by the device. The mock-up

of the source includes identical antenna design, magnetic field profile and geometry, but includes

a fully-insulating source region, as opposed to the floating walls but grounded upstream endplate

in MadHeX. Figure 4.10(a) is an external photo of the Vacuum Test Facility (VTF) at GT where the

helicon mock-up is installed, and Fig. 4.10(b) shows the source before installation into the space

chamber. VTF has the capability of up to 600,000 L/s total pumping speed on air. Figure 4.11 is

a photo of the source in operation in the space chamber at 13.56 MHz, 500 W RF power, 340 G

magnetic field and 1.3 sccm flow rate.

FIGURE 4.10: (a) Vacuum Test Facility (VTF) at Georgia Tech. (b) Mock-up of the UW helicon in-
stalled into the VTF.

The results from the work at Georgia Tech will only be briefly discussed in Chapter 6 in order

to verify certain results obtained on MadHeX. The majority of the research results at Georgia Tech

will be available in a future publication.
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FIGURE 4.11: Operation of the UW helicon mock-up at GT, including the diagnostics and system
components. Conditions are P = 500 W, B = 340 G, f = 13.56 MHz and Q = 1.3 sccm.

Summary

The Madison Helicon Experiment (MadHeX) is a high-aspect ratio helicon reactor presently

being used to study ion acceleration for use as a thrust source. A capacitive matching network

is used to match the RF generator to the antenna load, with up to 10 kW of RF power available.

A static magnetic field in a nozzle profile can provide up to 1 kG in the RF antenna region. At

low argon gas pressures, a special technique is required to initiate the discharge, which involves

temporarily turning off the static magnetic field (which inhibits the multipactor effect that provides

the seed electrons for the discharge) and then turning it back on once a discharge initiates.
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CHAPTER 5
Diagnostics

MadHeX has a suite of both invasive (current-collecting) and non-invasive (optical and mi-

crowave) diagnostics available. The diagnostics used for detection and observation of potential

gradients and ion acceleration as well as electron density and temperature are outlined below.

Other diagnostics are available, including broadband spectroscopy and collisional-radiative mod-

eling codes [13], diamagnetic loops and spatio-temporal photon binning [75], which will not be

outlined here.

5.1 Retarding Potential Analyzers

Retarding Potential Analyzers (RPAs) or Retarding Field Energy Analyzers (RFEAs) consist of

a series of biased or floating grids that selectively allow ions to pass through and be collected by

a collector. By varying the potentials on the grids and measuring the current on the collector, the

ion energy distribution in the plasma can be obtained.

RPAs have at least one grid and a collector. Some designs have up to four grids plus a collector,

and these analyzers have been shown to have very good energy resolution [76]. The grid mesh

spacing (distance between wires) must be small enough that the potential that is applied to the grid

wires is “seen” by the ions passing through and not shielded by the plasma electrons, negating the

effect of the applied potential on the ions. In order for this to be satisfied, the grid mesh spacing
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must be smaller than two Debye lengths:

Dgrid = 2λD =

√
4ε0kTe

nee2 (5.1)

where Te is the electron temperature, k is Boltzmann’s constant, ne is the electron density in m-3

and e is the fundamental charge. A convenient formula for calculating the Debye length is:

λD [cm] = 743

√
Te [eV]

ne [cm−3]
(5.2)

where the units for each quantity are given in brackets. If the grid spacing is too small, the trans-

mission factor of the grid will be reduced. This leads to a reduction in collected current, but can

also be detrimental to the grids as the ions that are not transmitted impinge on the grid and are

collected, which can cause ohmic heating or scatter from the grid and cause grid damage. The

grid material is often expensive, due to the manufacturing process required to make the small

spacings (often electroforming or etching).

The construction of RPAs is often constrained by size, since a large conducting surface in the

system can perturb the plasma and measurement. Therefore, great care is taken in miniaturiz-

ing these analyzers, and there is a tradeoff between size and complexity. Typical four-grid (plus

collector) analyzers use the following grids [77]:

– Plasma-facing grid. This grid is often floated or grounded, and acts as an attenuator. It can

also reduce perturbation by the RPA.

– Electron repeller. This grid is biased negatively with respect to the plasma potential (often

much lower than the plasma potential). It serves to reflect plasma electrons from entering

the analyzer and prevent them from reaching the collector and contributing to the measured

current.

– Ion discriminator. This grid is swept over the range of ion potentials to be measured and

acts as a “filter” to selectively collect ions at or below the potential on this grid.
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– Secondary electron repeller. Ions that strike the collector (below) can be at high energies

either from acceleration through the analyzer by potentials on other grids or from beams

or high energy ions present in the plasma. When the ions strike the collector, secondary

electrons can be ejected depending on the collector material, and this grid prevents them

from straying too far from the collector. If these secondaries are “lost”, they represent a

spurious positive ion current on the collector. This grid is biased negatively with respect to

the collector so electrons are returned back to the collector.

– Collector. This is often a metal (copper) slug or plate (usually not a grid) that is biased

slightly negative (with respect to ground) in order to collect all ions incident on it but not

accelerate them such that a significant amount of secondary electrons are emitted. Current

collected by the collector is measured as a function of the ion discriminator voltage.

Typical voltages on the grids of a four-grid analyzer are shown in Fig. 5.1. When miniaturizing

an RPA, some grids may be omitted to decrease complexity at the expense of energy resolution

or operational range. Problems can arise from the lack of these grids, and analysis must include

these issues if they are present. Bohm [77] gives an excellent overview of RPA operation and the

issues that can arise if grids are omitted.

The current collected by the analyzer is given by [78]:

I(Vd0) = T xAe
∫ +∞

Vd0

vi f (V )dV (5.3)

where Vd0 is the discriminator voltage, V = E/e represents the ion energy, T is the grid transmis-

sion factor, A is the RPA area, vi is the component of the ion velocity normal to the analyzer, f is

the ion distribution and x is the number of grids in the analyzer. An ion in the plasma may have a

non-zero kinetic and potential energy:

Ei = qΦi +
1
2

Miv2
i (5.4)

where Ei is the total energy of the ion, q is its charge, Φi is the potential of the ion with respect
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FIGURE 5.1: Typical bias voltages for a four-grid (plus collector) ion energy analyzer (RPA) [76].

to ground, Mi is the ion mass and vi is the component of the ion velocity normal to the analyzer

collector. The RPA gives a measurement of the total energy of the ions in the plasma with respect

to ground (or the point above which the RPA grids are biased). The physical meaning of Eq. 5.3

is that the RPA collects all ions that have a total energy above the potential of the discriminator

grid (Ei > eΦg , where Φg is the grid potential relative to ground). Ions with a total energy below

the grid potential do not have sufficient energy to overcome the grid’s potential and are repelled.

The ion energy distribution function can be found from the collected current by differentiating the

collected current with respect to the ion discriminator grid voltage. The mathematical relationship

between the derivative of the collected current and the ion energy distribution is given by [78]:

f (Vd ) =
1
e

f (E) =
m

T xAe
1
v

dI
dVd

(5.5)

where f (E) is the energy distribution. The derivative of the collector current is actually related

to the energy distribution of the ions falling through the sheath in front of the RPA, but is often

used in calculating the ion energy distribution function (IEDF) [59]. In this work, the abbreviation

‘IEDF’ refers to the differentiated collector current, which is proportional to vf (Vd ). At a given ion

discriminator voltage, the current collected is due to ions that are below that potential. Therefore,
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at the lowest ion discriminator voltage, ideally all ions are collected. At an ion discriminator voltage

that is well above the potential of any ions in the system, the collected current is ideally zero. In

reality, any electrons that are present will also be collected, and depending on the analyzer design,

the collected current may not return exactly to zero.

In the presence of RF fluctuations of the plasma potential, the plasma ions, if they are able to

significantly respond to the fluctuations, will enter the analyzer at a velocity that is dependent on

the part of the RF cycle during which the ions enter the sheath in front of the analyzer. This results

in a double-peaked distribution of ions, as ions may enter when the plasma potential (relative to

the discriminator potential) is a minimum or maximum. If the ions are unable to respond to the

fluctuations fully, the plasma potential and therefore electric field strength will oscillate many times

as the ion passes through the sheath in front of the analyzer. The ions enter the analyzer with

the time-averaged value of the plasma potential, since they feel the effect of the time-averaged

electric field in the oscillating sheath. There may be some broadening of the distribution due to

the limited oscillations of the ions, which degrades the ability to measure the ion temperature with

the analyzer. The ability of the ions to respond to fluctuations in the plasma potential is discussed

in Section 3.1.2. The ratio of the ion plasma frequency ωpi to the RF frequency ωRF (or the ion

response time τi = ω−1
pi and the RF period τRF ) is used to gauge the ability of the ions to respond

to these fluctuations.

Two retarding potential analyzers are used to measure the ion energy distribution in MadHeX.

The first, a two-grid (plus collector) design [79], is used as the main diagnostic for the ion beam due

to its small size (12 mm diameter, 6.6 mm aperture, 22 mm long), which minimizes perturbations

of the plasma when moved axially, especially in the 10 cm diameter source tube region. A second,

larger, 50 mm diameter four-grid (plus collector) RPA, of a tested design used in Hall thruster

research [80,81], is used to verify the measurements of the first RPA in a region well away from the

plasma source. The RPAs cannot be used simultaneously, therefore the vacuum must be turned

off and on between measurements. However, extensive operation of this source has shown the

plasma characteristics are highly repeatable for a given set of experimental conditions.
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For both RPAs, the measured collector current is sampled at 1 MS/s and the data is captured

by a LeCroy Waverunner digital storage oscilloscope (DSO). The collector current is processed

and numerically differentiated in MATLAB. The MATLAB script reads in the raw binary data from

the LeCroy output files and subtracts the background or load line trace (no plasma) collected prior

to taking data. The discriminator grid voltage is swept with a triangular waveform, and the oscillo-

scope captures several periods of the sweeping. The script detects the upwards and downwards

sweep end points and averages all upwards and downwards traces separately. These traces are

then smoothed using a moving average (window is 0.3% of trace) and numerically differentiated.

A Savitsky-Golay filtering and differentiating scheme [82] is not necessary here due to the high

sample rates. A manual fitting GUI is called and the resulting IEDF is fitted with either one or the

sum of two Gaussian distributions. The IEDF is then normalized if required and plotted.

The LeCroy digital storage oscilloscope has a feature called ERES that can be used to increase

the vertical resolution of the scope from 8 bits up to an effective 11 bits, at the expense of frequency

response. ERES uses a low-pass FIR filter to interpolate points in the vertical axis (like a moving

average), which results in an increased number of possible y-values (increased vertical resolution).

ERES has a linear phase response and better passband characteristics than a simple moving-

average. At its highest setting, ERES limits the signal bandwidth to 1.6% of the Nyquist sample

rate. Our scope can sample up to 10 GS/s, which is more than ample for use with the relatively

low-frequency signals produced by the RPA sweep. Since the RPA analysis requires plotting

the “y values” of two scope channels (discriminator voltage and collector current), better vertical

resolution will lead to less noisy measured IEDFs, which must be differentiated. Note that ERES

does not affect horizontal resolution, which is set by the scope sample rate. The vertical resolution

of the scope is further increased by implementing an averaging function on both the discriminator

voltage and collector current channels, which averages successive traces. The maximum effective

vertical resolution is then 14 bits with ERES and averaging enabled.

LC notch filters are used to eliminate DC offsets that can result from rectification of large RF

signals often present in the collector current signals by the probe electronics (see Section 5.3).
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5.1.1 Two-Grid RPA

The first RPA, shown in Fig. 5.2, has two grids and a collector. The brass body of the RPA is

12 mm in diameter and 22 mm long, and a brass plug forms an aperture, 6.6 mm in diameter, at the

entrance of the RPA. The plasma-facing entrance grid is floating, insulated from the other grid and

body using mica rings. The discriminator grid is biased with an insulated wire, passed through the

inner mica body, which is forced against the discriminator grid holding ring. The copper collector

is biased with a second wire passed through the rear of the RPA body. Both grids (discriminator

and entrance) are an electroformed nickel mesh, with a 60% transmission factor and 50.8 micron

wire spacing (500 wires per inch).

FIGURE 5.2: Two-Grid Retarding Potential Analyzer (RPA) construction.

The RPA is attached and the body is electrically grounded to a 1/4” stainless steel probe shaft

which enters the system through the downstream endplate at r = 6 cm. Two 90-degree bends in

the probe shaft, 5 cm from the front face of the RPA, align the RPA on-axis at r = 0 cm. This RPA

can be swept axially from z = 45 cm to z > 80 cm.

The discriminator grid is biased with a Kepco BOP-500M supply, typically swept between

0 and 300 V. The collector is biased at -9 V using a battery through a 150 kΩ current-measurement
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FIGURE 5.3: Two-grid RPA. (a) 2-grid RPA installed on 1/4” stainless shaft, rotated 90◦ (not facing
ion beam) (b) Stainless steel shaft orientation for measurement of beam (’dogleg’).

resistor to chamber ground. An AD620 instrumentation amplifier at unity gain (10 GΩ input

impedance) is used to sense the voltage drop across the resistor. The digital storage oscillo-

scope records both the discriminator voltage, using a 20× voltage divider network, and the output

of the current-measurement instrumentation amplifier. An HP 33120A signal generator is used to

sweep the Kepco discriminator grid supply at 3 Hz with a triangular waveform, and the recorded

waveform is averaged a minimum of 30 times on the DSO. The derivative of the collector current

with respect to discriminator voltage (dI/dV ∝ IEDF) is calculated using a simple differential, and

any high-frequency noise is suppressed with smoothing (moving average). The sample rate and

vertical resolution are high enough such that more complicated methods (Savitsky-Golay filtering

and differentiation) are not necessary.

A typical collector current vs. discriminator voltage trace and the resulting IEDF is shown in Fig.

5.5. There is a single peak at around 100 V, which indicates most of the ions are at this potential,

with broadening of the distribution from the convolution of the ions’ true thermal distribution as

well as effects of the RPA including grid geometry, sheath and plasma potential fluctuation effects.

Energy analyzers such as this two-grid analyzer do not have sufficient resolution to be able to

extract an ion temperature, due to the sheaths in front of the analyzer face and grids which result

in artificial broadening of the collected current.
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FIGURE 5.4: Biasing circuit used for operation of the 2-grid RPA. The swept 300 V supply is the
Kepco BOP-500M and the 9 V source is a battery. The ±15 V supplies for the AD620
instrumentation amplifier are not shown.

FIGURE 5.5: (a) Typical collector current vs. discriminator voltage trace for the two-grid RPA. (b)
Smoothed IEDF calculated from data. The conditions are 2 sccm flow rate, 100 W RF
power, 340 G B field and z = 50 cm. Both the up-sweeping (red) and down-sweeping
(blue) traces are shown.

5.1.2 Four-Grid RPA

A four-grid (plus collector) RPA, used in Hall Thruster research [80, 81], was used to validate

the results of the two-grid RPA under specific conditions. The four-grid RPA is much larger (50 mm

diameter); therefore it cannot be used axially along the entire system due to its size limitations
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and increased plasma perturbation. The four-grid RPA is on loan from Professor Mitchell Walker

of Georgia Institute of Technology.

The four-grid RPA is installed in a 50 mm inner-diameter steel tube, 32 cm long, to protect the

cabling at the rear of the RPA as well as provide a stable mount for the RPA. The weight of the

steel tube and RPA require the use of two stainless steel (1/4”) legs at the front of the assembly.

The rear of the tube is closed with a steel annulus with a 1/4” port in the center for the stainless

steel probe shaft that carries the biasing connections. The probe shaft exits the system through

an Ultra-Torr connection at the back of the expansion chamber. The four-grid RPA and mounting

tube are shown with the protective cover removed in Fig. 5.6, installed in the protective tube in Fig.

5.7 and photos of the installation are shown in Fig. 5.8.

FIGURE 5.6: Four-grid analyzer with cover removed, showing plasma-facing grid.

The four grids are labeled the plasma-facing grid, the electron repeller, the ion discriminator,

and the secondary electron repeller. The grid voltages are tuned to provide the best raw current

trace, such that the collector current approaches zero for high bias voltages and the collector
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FIGURE 5.7: Four-grid analyzer as installed in the expansion chamber.

FIGURE 5.8: Four-grid RPA. (a) Front of RPA as installed. (b) Rear of RPA as installed, showing
probe feedthrough.
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current saturates at low bias voltages [76]. The plasma-facing grid is floated, the electron repeller

is biased at -120 V, the ion discriminator is swept from 0 - 300 V (using the Kepco BOP-500M

supply), and the secondary electron repeller is biased at -83 V via a 9 V battery from the collector

[76]. The collector is biased at -74 V with a high voltage battery, and the current is measured

through a 150 kΩ resistor to chamber ground, again with an AD620 instrumentation amplifier (see

Figure 5.9). The comparison of the two- and four-grid RPAs is given in Section 6.1.

FIGURE 5.9: Four-grid analyzer bias circuit. The 120 V source is provided through two bench sup-
plies in series, the swept 300 V supply is the Kepco BOP-500M, the 74 V and 9 V source
are batteries. The ±15 V supplies for the AD620 isolation amplifier are not shown.

5.2 Emissive Probe

Emissive probes are current-collecting (or floating) probes that consist of a filament that is

heated to thermionically emit electrons, often by passing a current through the filament [83], but

laser [84] and other heating methods have been used. Tungsten or thoriated tungsten are often

used as filaments due to their high melting point, with wire thicknesses from 25 microns up to

a few hundred microns being common. The potential of the filament can be swept similar to a

Langmuir probe, or the floating potential of the cold (not emitting) and hot (emitting) filament can

be measured.
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Emissive probes can be used to very accurately measure the local plasma potential, to within

kTw/e where Tw is the temperature of the filament. When the filament is thermionically emitting,

the emitted electrons essentially “neutralize” the ion sheath that forms around the filament and,

if not directly biased, the filament will float at or near the plasma potential (typically within a few

kTe/e) [85]. However, in RF or magnetized plasmas, the floating potential of the emitting probe

may not necessarily indicate the true plasma potential [27, 86–88]. When there are strong RF

plasma potential fluctuations present, a strongly emitting probe can float to the maximum value of

the RF fluctuations, which is not necessarily the plasma potential [27]. However, floating emissive

probes offer several advantages over cold probes or swept emissive probes for plasma potential

measurement, including less perturbation and simplicity [86]. Since the floating emissive probe

draws no current, there is less perturbation of the plasma by the measurement. Also, the mea-

surement is simple; a DC voltage is measured and no sweeping or biasing electronics or further

analysis are required.

The emissive probe potential can also be swept similar to a Langmuir probe, and the collected

current measured versus bias voltage. Using the inflection point method, the plasma potential

can be found [89] with excellent accuracy. When the probe is not emitting (cold), it will act as a

simple Langmuir probe. As filament current (also wire temperature Tw and electron emission) is

increased, the inflection point (peak in first derivative) of the I-V trace will approach the plasma

potential, assuming no RF modulation of the plasma potential is present. Typically, the true plasma

potential is calculated in the limit of zero emission. This is done by plotting the filament current

versus the inflection point voltage, and a straight line fit is used to extrapolate to zero emission

current, which is interpreted as the plasma potential. Fig. 5.10(a) shows typical emissive probe I-

V traces as filament current (Tw ) is increased, and Fig. 5.10(b) shows the calculation of the plasma

potential using the limit of zero emission method.

In the presence of RF plasma potential fluctuations, two or more peaks in the first derivative of

the I-V trace may occur, depending on the number of significant harmonics of the RF are present

[90, 91]. Figs. 5.11 and 5.12 show the effect of a fluctuating plasma potential on emissive probe

analysis. In the absence of fluctuations of the plasma potential, the emitted electron current from
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FIGURE 5.10: (a) Emissive probe I-V trace showing the effect of increasing filament current (Tw ) (b)
Limit of zero emission method, showing the inflection point and floating potential vs.
filament current [89].

the heated probe is ideally zero when the probe bias is above the plasma potential and non-zero

when the probe bias is below the plasma potential. The finite temperature of the filament and

emitted electrons leads to a somewhat smoothed onset of emission. Figure 5.11(a) shows the

emitted current versus probe bias voltage with a plasma potential Vb = 15 V that is constant in time.

The emitted electron current is plotted as a negative current as is typically done in Langmuir probe

I-V traces. The derivative of the probe current with respect to the probe bias voltage is plotted

in Fig. 5.11(b), which reveals a sharp peak at the plasma potential with some broadening due to

the finite temperature of the filament. In the presence of RF fluctuations of the plasma potential,

the instantaneous collected current will oscillate at the RF frequency and possibly its harmonics.

The black dashed lines in Fig. 5.12(a) denote the maximum excursions of the collected current,

a result of a modulation of the plasma potential with a VRF = 5 V amplitude. The blue, solid line

indicates the time-averaged value of the emitted current. If the probe and associated electronics

are able to respond on the timescale of the fluctuations, the probe will be able to ”follow” these

fluctuations and the instantaneous plasma potential can be measured. However, if the probe is

unable to follow the fluctuations due to stray or inherent impedances of the probe and electronics,
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the probe will measure the time-averaged value of the collected current, and two peaks will appear

in the derivative of the probe current, as shown in Fig. 5.12(b). The bias voltages of the inflection

points (peaks) represent the maximum excursions of the plasma potential.

The first derivative curve also represents a “binning” or histogram of the values of the plasma

potential averaged over many RF cycles, showing the relative amount of time spent at each value.

For a purely sinusoidal fluctuation, the peaks in the histogram are symmetric about the unweighted

mean of the peak locations and are the same magnitude, as shown in Fig. 5.13(a). If the fluctua-

tions are not sinusoidal, the peaks in the histogram will not necessarily be of the same magnitude

and will likely not be centered around the unweighted mean of the peak locations, as shown in

5.13(b). In this case, the weighted mean of the histogram reveals the time-averaged value of the

fluctuations. As will be shown in Chapter 6, in our system there are asymmetric inflection points

in the emissive I-V curve, representing asymmetric RF plasma potential fluctuations, but the time-

averaged plasma potential can be calculated from the first derivative of the emissive I-V curves

using a weighted mean.

FIGURE 5.11: (a) Emitted electron current plotted against probe bias voltage in the absence of fluc-
tuations of the plasma potential. (b) Resulting first derivative, showing the presence
of a single peak at the plasma potential (Vp = 15 V).
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FIGURE 5.12: (a) Emitted electron current plotted against probe bias voltage in the presence of mod-
ulation of the plasma potential with an amplitude VRF = 5 V. The black dashed lines
indicate the instantaneous I-V trace at the maximum excursions of the plasma poten-
tial in time, and the blue, solid line indicates the time-averaged value of the emitted
current. (b) Resulting first derivative, showing the presence of two peaks at the maxi-
mum excursions of the plasma potential.

FIGURE 5.13: (a) y = sinωt and a histogram of y values. (b) y = 1
3 exp (− sinωt) sinωt + 2 and a

histogram of y values. The dashed lines indicate the mean y value.

The emissive probe used in MadHeX consists of a thoriated tungsten filament, 25 µm in di-

ameter and 6.8 mm long, which is spot-welded between two 3 cm long gold-plated nickel wires

coated entirely in Sauereisen No. 31 ceramic cement. The last 25 cm (from the tungsten filament)
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of the probe shaft is made of alumina tubing to minimize the effect of the grounded stainless steel

probe shaft on the system. The probe enters the system through the downstream endplate, and a

90-degree joint at then end of the probe shaft puts the filament on-axis (r = 0 cm) in the system,

oriented perpendicular to the B field.

FIGURE 5.14: Emissive probe construction.

For floating potential measurements, a Fluke 179 DMM, with an input impedance greater than

10 MΩ, is used to measure the floating potential of the emissive probe in steady-state. A 6 V

lantern battery provides the filament current through a low-resistance potentiometer which allows

the filament current to be adjusted, shown in Fig. 5.15. The filament current is increased until the

measured floating potential saturates. For the 25 micron filament, the required filament heating

current is around Ifil = 210 mA.

For swept emissive probe measurements, the custom-built probe supply detailed below is used

to bias the filament heating circuit relative to chamber ground. The probe supply is driven with

a 3 Hz triangle wave signal and a MATLAB script is used to display the I-V trace and its first

derivative.
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FIGURE 5.15: Emissive probe bias circuit.

5.3 Single and Double Probes

Probes are one of the simplest plasma diagnostics to use, but can be the most difficult to

properly analyze. Single (Langmuir) probes consist of a simple electrode that is inserted into the

plasma, biased relative to ground. The current collected by the probe is measured and plotted

against the bias voltage, and the resulting I-V trace can reveal the plasma potential, electron

density and temperature as well as the electron energy distribution function (EEDF).

Double probes consist of two electrodes, biased relative to each other but electrically floating

from ground. Since both electrodes are floating, they draw no net current from the plasma. The

current drawn through one electrode returns through the other electrode, and is therefore limited

to the maximum current that can be drawn from either electrode, the ion saturation current. For

this reason, double probes can be less perturbative compared to single probes. However, double

probes also float to the floating potential in the plasma, and therefore can only sample the electron

distribution near the floating potential, and the full EEDF cannot be measured, as it can with single

probes.

The probe used in MadHeX is a planar double probe, shown in Fig. 5.16, and is constructed

from two 2.4 mm tantalum discs spot-welded to gold plated nickel wires, spaced 6 mm apart. The

probes are coated with Sauereisen No. 31 cement except for the front-facing surfaces of the discs
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(facing the gas flow, -z direction). The front-facing surfaces of the probes are aligned such that

the normal to the probe surface is parallel to Bz. The probe can also be used as a single probe

by biasing one disc relative to ground, instead of both discs relative to each other when used

as a double probe. A single probe similar in construction was used previously on this facility in

high-pressure helicon experiments [92].

FIGURE 5.16: Tantalum double probe used in MadHeX.

The probe(s) are biased using a custom-built double probe supply. The probe circuit is based

around the PA241 high voltage op-amp from Cirrus Logic. It is capable of delivering up to 60 mA

of current in steady state and up to 120 mA peak, at up to ±175 V. It is powered by an isolated

DC bipolar supply from Acopian with dual outputs at ±150 V. The entire PA241 circuit is isolated

from ground through AD210 magnetically-coupled isolation amplifiers. The input sweep signal is

buffered and clamped to ±10 V with Zener diodes to protect the expensive AD210 input amplifier.

The overall gain of the amplifier is 30 V/V. The probe current is measured through a selectable

current-measurement resistor whose voltage drop is measured with another AD210 isolation am-

plifier. The probe voltage is measured through a high impedance voltage divider network with

a 20× divider ratio, using a third AD210 isolation amplifier. Both the current and voltage mea-

surement outputs are buffered, again to protect the AD210 isolation amplifiers. The supply can
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be used to drive a single probe by simply connecting one of the probe outputs (signal ground) to

the stainless steel expansion chamber (chamber/earth ground). For large current-sense resistors

used for detecting small currents, the load line (background) contribution can be a significant por-

tion of the current output waveform. An adjustable subtraction circuit built from LM741 op-amps

can be enabled, which subtracts a scaled copy of the probe voltage signal from the current output.

This removes a significant portion of the load line in-circuit so the full dynamic range of the DSO

can be used. An internal photo of the supply is shown in Fig. 5.17, and the full schematic is given

Appendix A.

FIGURE 5.17: Single and double probe supply.

RF fluctuations in the plasma potential can adversely affect the collected current, making it diffi-

cult to extract the electron energy distribution function. Typically, without significant RF fluctuations



92
or with a well-compensated probe (e.g. [70,93,94]), the EEDF (and EEPF) can be calculated from

the collected current vs. voltage trace by simply looking at its first derivative. The zero (reference)

voltage is set to the plasma potential, where the collected electron current deviates from an expo-

nential (the “knee”). By plotting the collected electron current (subtracting the ion current from the

collected current) on a logarithmic scale, a Maxwellian electron probability function will manifest

itself as a straight line. The electron energy distribution function (EEDF), if necessary, can then

be calculated from the electron energy probability function (EEPF) by gP(E) = E−1/2gD(E) where

gP(E) is the EEPF and gD(E) is the EEDF. If there is a population of electrons that have a differ-

ent temperature than the bulk, there will be two distinct slopes visible, equating to two separate

temperatures.

In the presence of RF plasma potential fluctuations, the collected electron current will be

strongly affected by the fluctuations, particularly in the region used to determine the electron tem-

perature from the slope of the I-V trace [94]. However, it has been shown that it is possible to

extract an electron temperature using the straight-line fitting method using an uncompensated

probe in the presence of RF fluctuations, as long as the technique is done properly. Oksuz [95]

showed that in the presence of RF fluctuations, since the distribution, assumed to be Maxwellian,

is simply fluctuating in time, fitting to the linear region of the distribution is simply “sampling” the

distribution when the plasma potential is at its lowest value, as shown in Fig. 5.18. It is akin to

measuring the diameter of a ball held by someone swinging on a playground swing. Measuring

the diameter with a ruler as they swing past you would be difficult – but a measurement may be

possible if made at the edge of the swing’s (and ball’s) travel, if assumptions are made about the

shape of the ball. It should be noted that the electron temperature extracted in this way will be

representative of the "tail" of the distribution, since the electrons furthest from the plasma potential

are being sampled. This does not mean the tail electron temperature is different from the bulk

electron temperature, simply that the electrons that are sampled are from the tail of the distribu-

tion. The electron temperatures obtained in the presence of RF fluctuations must be regarded

as indicators of the electron temperature, and should ideally be confirmed with other diagnostics

such as optical emission spectroscopy (OES), discussed in Chapter 8.
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FIGURE 5.18: (a) I-V trace showing the effects of RF fluctuations for two levels of fluctuation. (b)
Electron current plotted on a log scale for two different levels of RF fluctuation [95].

Because of the large RF fluctuations present in our source in some cases (see Chapter 6),

a RF LC notch filter network is used to suppress any large RF components of the measured

probe currents. This does not serve to RF compensate the probe well enough to be able to

measure the EEPF or EEDF (as done in [93, 94]), but will remove any RF that could affect the

measurement electronics. For instance, instrumentation amplifiers can rectify out-of-band signals

(high frequencies), and when amplifying small value signals (such as those across the current

measurement resistor for small currents) this rectification can result in a DC offset. Compensation

circuits can be included in the measurement circuitry, but it must be well designed and may not

cope well with differing input impedances. For this reason, the LC notch filters are used. The filter

has Q = f0/∆f of 56, 51 and 48 at the fundamental, second and third harmonics, respectively. The

frequency response is shown in 5.19 and the effect of the filter on real-world signals is shown in

5.20. When RF effects need to be measured in an experiment, or when filtering them would have

detrimental side effects, the filters are not used. At all other times, the filters are used to avoid

DC offsets in the sensitive, low voltage (≈ mV) measurements. Note that despite the use of the

three-pole filters, when the emissive probe is swept, RF fluctuations of the plasma potential still

affect the probe traces, and it is still possible to extract the fluctuation magnitude from the inflection

points. The emissive probe is still unable to follow the RF fluctuations and the probe measures the

time-averaged current at each bias voltage.



94

FIGURE 5.19: Frequency response of the LC filter used with the planar single probe. The horizontal
axis scaling is not shown but represents 300 kHz - 60 MHz. The vertical axis is
logarithmic and has units of dB.

FIGURE 5.20: FFT of recorded waveforms before and after the RF filter, with the single-ended double
probe supply sweeping at 3 Hz. There is a marked decrease in the first, second and
third harmonic.

In order to accurately measure the electron energy distribution in the presence of RF plasma

potential fluctuations, the probe tip must be able to “follow” the plasma potential fluctuations. This

allows the probe to sample the distribution with the fluctuations, similar to making some measure-

ment while sitting on a swing instead of trying to make the same measurement while watching

the swing from a stationary position. In order for the probe to follow the fluctuations, the probe tip

must be able to “float” and therefore have a high impedance to ground at the RF frequency such
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that it can easily follow the fluctuations and is not “tied” to ground. However, it must be able to be

biased at some voltage with respect to the plasma potential and therefore have a low impedance

to ground at lower frequencies. Mathematically, the probe filter system must satisfy the following

requirements [93]:

|Zpr/Zf | ≤ (0.3− 0.5)
kTe

eVprf
(5.6)

where Zpr is the impedance between the probe and the plasma (through the sheaths), Zf is the

filter impedance and Vprf is the RMS value of the fluctuations with respect to ground. For a worst-

case scenario, the electron temperature in our system is kTe ≈ 8 eV and the plasma potential

fluctuations can exceed 120 V in some cases. In order for the above equation to be satisfied, the

filter impedance Zf must be at least ≈ 50 times Zpr , which can be difficult to satisfy since the filter

impedance is typically set by the Q of the network, which can be low for both LC and choke (single

L) filters. For this reason, it was not attempted to construct a well-compensated probe to measure

the EEDF or EEPF due to the very large RF fluctuations measured in the source (see Chapter 6).

Instead, optical emission spectroscopy (OES) could be used [96], which is discussed in Section

8.2.1.

Single Probe Analysis

MATLAB scripts are used for analysis of both single and double probe data. The single probe

data is captured with the DSO with ERES enabled and a sample rate of at least 1 MS/s. Similar

to the RPA data analysis, the single probe is swept with a triangle waveform. Both the up- and

downwards sweeps are recorded and averaged, and both are plotted to check for any hysteresis.

Fitting is done in a MATLAB GUI written for single probe analysis, shown in Fig. 5.21. The ion

saturation current is subtracted from the measured current using a least-squares linear fit to the

ion saturation portion of the curve (large, negative bias voltages). The ion saturation current fit is

subtracted from the measured current, and the start and end points for the least-squares fit can

also be adjusted in the GUI to minimize the electron current at low probe bias voltages, and the

plotted data in the GUI is updated in real time when the fitting values are changed. The electron
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current (measured current with ion current subtracted) is plotted on a logarithmic scale. Least-

squares linear fits (signifying a single or bi-Maxwellian distribution) are calculated for the straight-

line regions of the electron current. The slope of the linear fit is proportional to the inverse of the

electron temperature, and is displayed on the GUI. In the presence of strong RF fluctuations of the

plasma potential, the farthest-negative edge of the I-V trace is used for the electron temperature

fit.

FIGURE 5.21: MATLAB GUI used to fit single probe traces.

The ion density is calculated from the ion saturation current using [23]:

ni =
Isat

0.6eAs

√
kTe

MAr

(5.7)

where Isat is the ion saturation current, e is the elemental charge, As is the physical probe area,

Te is the electron temperature and MAr is the mass of argon. Bulk electron temperatures used

in the density calculation are calculated with the above MATLAB GUI near the floating potential.
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Figure 5.22 shows a typical result from the fitting method. A fit to the electron saturation region

is included to aid in calculating the plasma potential (where the green and red solid lines cross).

Here, due to the RF fluctuations, the plasma potential predicted by this method (6 V) is lower than

the actual plasma potential (31 V).

FIGURE 5.22: Typical result from the Langmuir Probe analysis. The red solid line denotes the
Maxwellian fit (a good approximation here) and the green solid line denotes the fit
to the electron saturation region, used only to find the “knee” of the trace (the plasma
potential). The dashed green line denotes the measured floating potential. The ex-
perimental conditions are 10 sccm flow rate, 100 W, 340 G magnetic field at z = 50
cm.
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Double Probe Analysis

Double probe I-V traces are fitted to a hyperbolic tangent plus a linear rise due to sheath

expansion [97,98]:

I(V ) = Isat tanh
[

eV
2kTe

]
+

V
S

(5.8)

where Isat is the ion saturation current, e is the elemental charge, k is the Boltzmann constant,

Te is the electron temperature and S is a sheath expansion factor. The ion saturation current Isat ,

bulk electron temperature Te and the sheath expansion factor S are used as fitting parameters.

It should be noted that a double probe samples the electron distribution at or near the floating

potential [97], and therefore the calculated electron temperature is taken at the floating potential

and the fit assumes a Maxwellian distribution, which may not hold in our source at lower pressures

[70].

The fitting to Eq. 5.8 is done in MATLAB using the function fminsearch, which finds the mini-

mum of an unconstrained multivariable function using the derivative-free method. The fit function is

defined in a separate function and starting values are passed to that function. The mean squared

error (difference between fit and real data) is calculated and minimized with fminsearch, which

adjusts the fit parameters until a tolerance has been reached. The final fit values are returned and

the fit is plotted with the data.

FIGURE 5.23: Example of double probe I-V trace and fit from Eq. 5.8 with linear rise from sheath
expansion subtracted.
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Figure 5.23 shows a typical double probe I-V trace (blue) and the fit from Eq. 5.8 (red), both

after the linear rise has been subtracted. The density (in cm−3) is shown for each corresponding

saturation current and the bulk electron temperature also shown.

5.4 Antenna Impedance Measurement

The impedance of the RF antenna can useful in deducing the operating mode of the helicon

source. Using the dual directional coupler installed at the input of the impedance matching network

and the known or estimated values of the matching capacitors, the vacuum and plasma-loaded

impedance of the antenna can be calculated. The RF circuit is shown in Fig. 5.24, including the

dual directional coupler, which directly measures Ṽref and Ṽforw with -40 dB and -50 dB coupling

factors, respectively. The complex reflection coefficient Γ̃ looking into the matching network from

the generator (at the directional coupler) can then be calculated:

Γ̃ =
Ṽref

Ṽforw
=

ZT − Z0

ZT + Z0
(5.9)

where ZT is the total impedance of the matching network and antenna, and Z0 is the transmission

line and generator impedance (50 Ω). The total (complex) impedance ZT is equal to:

ZT = ZC1 +
ZC2ZA

ZC2 + ZA
(5.10)

solving for ZA and including ZT = Z0
1+Γ̃
1−Γ̃

:

ZA =
ZC2[Z0

1+Γ̃
1−Γ̃
− ZC1]

ZC2 − Z0
1+Γ̃
1−Γ̃

+ ZC1

(5.11)

Therefore, if the capacitor values C1 and C2 are known, ZA is only a function of the com-

plex reflection coefficient Γ̃. This simple circuit model does not take into account other parasitic

impedances of the circuit elements, including capacitances and resistive losses of the intercon-
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FIGURE 5.24: Circuit diagram of RF matching system, including dual directional coupler. The direc-
tional coupler is the measurement point of the reflection coefficient Γ̃, looking right.

nects in the matching network. In addition, the exact values of the capacitances are not known

(since they are tuned for the lowest power for each case). For these reasons, this simple model

is only used to measure relative changes in the plasma-loaded antenna impedance, and the cal-

culated impedances are not necessarily the correct absolute value. However, if the capacitor

values are not changed, the relative change in the plasma-loaded antenna impedance ZA can be

extracted.

FIGURE 5.25: Resistive (a) and reactive (a) parts of the antenna impedance vs. the magnitude and
phase of the complex reflection coefficient Γ̃ for a typical set of matching capacitor
values.

Figs. 5.25(a) and 5.25(b) show the dependence of ZA on the magnitude and phase of the

complex reflection coefficient Γ̃ for a typical set of matching circuit capacitor values. The voltages
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at the directional coupler are measured with the DSO using a 50 Ω input impedance with a 10 GS/s

sample rate. A MATLAB script is used to extract the magnitude and phase of the forward and

reflected voltages at the fundamental RF frequency (13.56 MHz) and calculate the plasma-loaded

or vacuum antenna impedance ZA. The fast Fourier transform (FFT) of both the incident and

reflected signals is calculated, and the complex value of the FFT is extracted at the fundamental

harmonic of the RF signal (13.56 MHz). The phase shift θ between the incident and reflected

signals is the difference in the angle of the complex FFT:

θ = ∠Fref (f0)− ∠Finc(f0) (5.12)

where F denotes the FFT of either the incident or reflected signal, and f0 is the fundamental

RF frequency. The complex reflection coefficient is then calculated from Γ̃ = |Γ|exp(jθ) where

|Γ| = |Vref |/|Vinc |.

The impedance of the antenna can be used to signal changes in the coupling mode to the

plasma [99, 100]. As the plasma density increases, the energy extracted from the antenna in-

creases. This manifests as an increase in the real part of the antenna load. The reactive part of

the antenna load decreases as a result of the increased induced current in the plasma, which op-

poses the antenna current. The induced current results in a drop in the magnetic flux and therefore

the coil inductance, and the reactance of the antenna drops [99].

Summary

Several diagnostics are available to characterize the potential gradients and associated ion

acceleration in the MadHeX system. Two-grid and four-grid Retarding Potential Analyzers (RPAs)

are used to measure the ion energy distribution, with the larger four-grid unit used to cross-check

the smaller two-grid unit, which can be used with less perturbation to the plasma. Emissive probes

are used to measure the plasma potential and RF fluctuations in the plasma potential. Single and

double probes are used to measure the electron temperature and density, but extraction of the

electron energy distribution, typically calculated from the single probe I-V curve, is not reliable
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due to the large RF fluctuations. Probe compensation for the large RF fluctuations measured

is not practical, and other methods will need to be used to measure the distribution function of

the electrons. A directional coupler is used to estimate the change in plasma-loaded antenna

impedance to detect mode changes in the source.
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CHAPTER 6
Results

6.1 Two-Grid RPA Validation

Since the performance of the two-grid RPA hadn’t been previously investigated, it was neces-

sary to compare its performance to the well-tested [80, 81] four-grid RPA. Both were used under

the same conditions and the measured IEDFs compared, which are shown in Fig. 6.1. For the

comparison, the flow rate Q = 1.3 sccm, RF power P = 100 W, and the magnetic field B = 340

G in the source region. For the validation, both analyzers’ collectors were placed at the same z

location (z = 64 cm). The grid spacing for the four-grid RPA is larger than that of the two-grid RPA,

meaning the front-facing grids of the analyzers were offset by 2 cm. In Fig. 6.1, there is a slight

difference between the measured potentials and widths of the bulk and the beam ions between

the two analyzers, however the beam energies (differences between the bulk and beam potentials)

are within 10 V (10 %). The differences between the two RPAs is likely due to spatial averaging

resulting from the larger grid area of the four-grid RPA as well as increased perturbation intro-

duced by the four-grid RPA’s larger physical size (50 mm diameter, 40 cm long compared to 12

mm diameter and 2 cm long. From the subsequent investigation of the beam characteristics, it was

observed the two-grid RPA provides the best agreement with the swept emissive probe data, and

also introduces less perturbation on the source operation than the four-grid RPA. For the rest of

the experimental results below, the smaller (12 mm diameter) two-grid RPA is used unless noted.
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FIGURE 6.1: Comparison of four-grid (red dashed) and two-grid RPA (blue solid) measurements.
Conditions are Q = 1.3 sccm, B = 340 G, P = 100 W.

In an RF-driven plasma, it is possible to observe a double-peaked ion distribution using an RPA

as a result of the ions following any RF fluctuation of the plasma potential. The fluctuating plasma

potential in time results in a time-varying potential gradient from the bulk plasma to the analyzer.

If the ion transit time through the sheath is shorter than or comparable to the RF time period

(τi . τRF ), ions can transit a large portion of the sheath during an RF cycle and are affected by

the rapidly changing potential gradient in front of the analyzer. Ions enter the sheath in front of the

analyzer at different parts of the RF cycle and arrive at the analyzer with a distribution of energies.

This double-peaked distribution can be easily mistaken for an accelerated population of ions or a

beam, but there is no time-averaged energetic ion population present. However, if the ion response

time is longer than the RF period (τi � τRF ), the ions only respond to the time-averaged value

of the gradient in the potential from the bulk plasma to the analyzer (the time-averaged electric

field) and arrive at the analyzer at or near a single energy, even though the plasma potential is

rapidly changing in time. As will be shown later in Chapter 7, for the conditions examined in Fig.

6.1 (and most plasmas when the source is operating in the capacitive mode), the ion plasma

frequency is much lower than the RF frequency (equivalent to τi � τRF ), and any double-peaked

distribution is evidence of an accelerated ion population, not RF modulation of the ion energy

distribution function. In order to verify that the observed double-peaked ion energy distribution is

not from RF fluctuations of the plasma potential, the two-grid RPA was installed into the helicon
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system with the plasma-facing grid facing the walls of the expansion chamber (perpendicular to

the direction of the measured ion beam). If the double-peaked distribution is no longer present

with the analyzer facing the wall, the double-peaked distribution observed when the analyzer is

facing in the z direction is evidence of an accelerated ion population. The ion distribution function

with the RPA in this configuration, for the same plasma conditions in Fig. 6.1, was single-peaked

at the background, time-averaged plasma potential, indicating negligible RF influence on the RPA

for that case. This is a common method used to verify that RF perturbations are not causing false

beam indications [40,71].

6.2 Plasma Potential and Ion Energy Evolution

The axial dependence of the total ion energy, electron density and electron temperature were

examined for source parameters that provide a well-defined accelerated ion population. The flow

rate for this “test case” is Q = 2 sccm (0.53 mTorr at the upstream endplate, 0.16 mTorr at the

downstream endplate), the RF power is P = 100 W and the magnetic field is B = 340 G in the

source region under the antenna near z = 0 cm. Figure 6.2 shows the two-grid RPA-measured,

Gaussian-fitted ion energy distribution with respect to chamber ground as a function of axial dis-

tance, with color indicating the height of the distribution (red is highest, with the data normalized

to the maximum overall). The color map has been compressed (lowest peak height is shifted

higher in the color domain) to keep the data visible throughout the z domain due to the large spa-

tial variation of the ion density (see Fig. 6.4 below, a decrease by a factor of 36). The observed

accelerated-ion potential (relative to chamber ground) is 110 V, and the bulk-ion potential varies

from 110 V to 45 V as the RPA is moved axially over 25 cm into the expansion chamber. It is

interesting to note that the total energy of the ions in the accelerated population is conserved,

as evidenced by the invariance of the potential of the peak in the accelerated ion population in

Fig. 6.2, as expected. While the total energy remains the same, the kinetic energy of the ions

increases, which is equal to the difference between the accelerated ion potential and the bulk ion

(plasma) potential (Ei = e[Vbeam - Vplasma]). The kinetic energy increases from the bulk, background

flow around z = 50 cm up to 65 eV at z = 70 cm. The IEDF, shifted such that the plasma potential
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is at Ei = 0, is plotted in Figure 6.3. The increase in kinetic energy of the ions is visible, as well as

the decay in the density of the accelerated population of ions. The beam density decreases into

the expansion chamber due to radial expansion and ion-neutral charge-exchange collisions, and

the beam decays over its 25 cm axial extent and vanishes by z = 78 cm as the fast ions collide with

neutrals and produce slow (thermal) ions. The beam decay due to charge-exchange collisions is

discussed further in Chapter 7. It is interesting to note that the accelerated ion population does not

last much longer than the extent of the acceleration region (z = 45 cm to z = 70 cm). However, in

the mock-up of our experiment placed in a much larger vacuum chamber at Georgia Tech shows

that the beam persists much longer (up to 1 m) with a lower background neutral pressure in the

expansion chamber (see Fig. 6.23). Additionally, a comparison of the RPA-measured ion potential

with emissive probe data is given in Fig. 6.19.

FIGURE 6.2: Ion Energy Distribution Function (IEDF) from z = 50 - 80 cm measured by the two-grid
RPA and fitted with one or two Gaussian distributions. The conditions are Q = 2 sccm,
P = 100 W, and B = 340 G. Color indicates the height of the distribution and the color
map has been compressed in order to keep the data visible throughout the z domain.

The electron density and electron temperature are shown in Fig. 6.4 for the same spatial do-

main and source conditions in Fig. 6.2. The ion (and electron) density, measured with the single

(Langmuir) probe biased in ion saturation (large negative bias), decreases rapidly through the ion

acceleration region (z = 50 cm to z = 65 cm) from 8.8 × 109 cm−3 to 2.4 × 108 cm−3 (a factor of ≈

36) from z = 50 cm to z = 65 cm, and then rises slowly to 7 × 108 cm−3 from z = 65 cm to z = 80

cm. The bulk electron temperature obtained from the single probe remains near kTe = 8 - 10 eV
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FIGURE 6.3: Ion energy distribution (IEDF), shifted such that the plasma potential is at Ei = 0, show-
ing the increasing kinetic energy of the ions in z as well as the decay of the accelerated
population.

FIGURE 6.4: Electron density and electron temperature measured with single probe for the same
conditions and spatial domain shown in Fig. 6.2.

throughout the acceleration region, with no statistically significant change.

The axial extent of the potential gradient is an important parameter in determining the physics

of the potential gradient. For the conditions in Fig. 6.2, the potential gradient occurs over roughly
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15 - 20 cm. The Debye length, calculated using the upstream density and temperature (ne =

8.8 × 109 cm−3 and kTe = 9 eV) is λD ≈ 0.2 mm, therefore the acceleration region is roughly

1000 Debye lengths long. As discussed in Chapter 3, a classical double layer has much shorter

dimensions (tens to a few hundred Debye lengths) than that observed in our experiment. However,

longer double layers have been observed, up to 500 λD in some cases [64].

FIGURE 6.5: Detailed behavior of the ion energy distribution function measured with the 12 mm RPA
from z = 50 to z = 80 cm for flow rate of 4 sccm, 100 W RF power, 670 G source
magnetic field. The data shown is unfitted.

The unfitted ion energy distribution, measured with the two-grid RPA, is shown in Fig. 6.5 for

several z positions as the plasma flows into the expansion chamber, for Q = 4 sccm, P = 100 W,

and B = 670 G. The higher flow rate (and pressure) and magnetic field than for the data shown in

Figs. 6.2 and 6.4 result in a lower potential drop with a shorter axial extent, which provides a full

view of the evolution from a single-peaked distribution at z = 50 cm to a bimodal distribution and

back to a single-peaked distribution at z = 80 cm. The peak in the upstream (z< 60 cm) distribution
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appears to increase slightly in energy as the RPA is moved downstream. However, as Byhring [72]

noted, the distribution remains “inside” the initial distribution and the apparent increase appears

because the lower energy ions in the beam are preferentially lost due to the energy dependence

of the charge-exchange cross section.

The radial profile of the ion energy distribution is shown in Fig. 6.6, for the same conditions

as in Fig. 6.2. At radii larger than the source tube radius, the ion energy is equal to the plasma

potential in the expansion chamber. At smaller radii, the local plasma potential increases from

Vp ≈ 38 V to Vp ≈ 60 V, and there is evidence of formation of an accelerated population with a

potential Vi ≈ 105 V.

FIGURE 6.6: Radial beam profile for Q = 2 sccm, P = 100 W, B = 340 G and z = 64 cm.

Operation of the source for extended periods with the four-grid RPA installed led to a change
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in appearance of the front surface of the four-grid RPA. Two photos, before and after operation,

are shown in Appendix B. An iridescent coating formed on the beam-facing surface of the RPA,

whereas the sides of the RPA remained uncoated, suggesting an energetic population was imping-

ing on the RPA front surface and not on the sides. In addition, a similar effect was observed on

the four-grid RPA installed in the Georgia Tech helicon source, where instead the RPA front-facing

surface turned hazy and dull after extended operation. An “after” photo for the four-grid RPA is

shown in Appendix C.

6.3 Mode Transitions

Two distinct mode transitions have been observed in this source, the capacitive to inductive

(E-H) and inductive to helicon (H-W) transitions. The theory of these transitions is described in

Chapter 2. The impedance of the plasma-loaded antenna is used as an indicator of a mode

transition, since it is a “global” diagnostic that gives an overall picture of the plasma condition.

These mode hops are further characterized via density measurements, and the dependence of

the potential difference across the mode transitions is measured. Particular attention is paid to the

capacitive mode, where the highest potential gradients are measured, the result of a self-biasing

effect which will be further discussed in Chapter 7.

6.3.1 Capacitive - Inductive (E-H) Mode Transition

The RF power level at which the capacitive to inductive (E-H) transition occurs is a function

of both the magnetic field and flow rate (pressure). To explore the nature of the transition, the

magnetic field is fixed at 340 G in the source region and the flow rate is 2 sccm (0.53 mTorr at

the upstream endplate, 0.16 mTorr at the downstream endplate), the same conditions used in

the “test case” shown in Fig. 6.2, and the RF power is scanned. Figure 6.8 shows the real and

reactive parts of the loaded antenna impedance as a function of the RF power for these conditions.

As stated in the description of the impedance diagnostic in Chapter 5, the relative change in

the real and reactive parts of the antenna load are the important result of this diagnostic, not

necessarily the absolute values of each, which are sensitive to the value of the matching capacitors
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(as well as the assumptions of the circuit model). For the following calculations, the capacitor

values were not adjusted for the best match, since the invariance of the capacitors is assumed

for the calculation of the antenna impedance from the reflection coefficient. The capacitor values

used in the analysis of the directional coupler data are C1 = 52.5 pF and C2 = 211.8 pF, based

on measurements with a Stanford Research Systems LCR meter. As a check of the antenna

impedance calculated from this model, the antenna impedance was calculated for the test case

(Q = 2 sccm, P = 100 W and B = 340 G) using the measured RMS voltage across the antenna

(V0−p = 600 V, VRMS = 424 V using a Tektronix P6015A high voltage probe) and the real power

dissipated into the antenna (assumed to be the RF amplifier output power with an approximate 5%

losses subtracted, Pdiss = 95 W). The dissipated power is the real part of the complex power:

Pdiss = Re (Ṽ Ĩ∗) = Re

[
Ṽ Ṽ ∗

Z̃ ∗

]
= Re

[
Ṽ Ṽ ∗

R − jX

]
= R

V 2

R2 + X 2 (6.1)

where V is the RMS voltage and R and X are the real and complex part of the antenna impedance

Z. Solving for the reactive part of the antenna impedance, X:

X =

√
RV 2 − PdissR2

Pdiss
(6.2)

therefore the relationship between the real and reactive parts of the antenna load are known if the

dissipated power in the antenna Pdiss and the RMS voltage across the antenna V are known. In

order to fully solve for the antenna impedance, measurement of the antenna current (magnitude

and phase) is necessary. However, the relationship in Eq. 6.2 gives some insight into the antenna

impedance. For the test case, the relationship between R and X from Eq. 6.2 is shown in Fig.

6.7, which means the actual antenna impedance must lie on this line, assuming the model and

measured values are correct. The impedance of the antenna calculated using the directional

coupler data is also shown in Fig. 6.7 as an × for the same conditions. The difference between

the two diagnostics is due to errors in the estimates of the matching capacitor values as well as

the parasitic impedances not accounted for in the matching circuit model. This illustrates that the

changes in the directional-coupler measured impedance of the plasma-loaded antenna can be
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used to detect mode transitions, but the absolute value of the calculated impedances may not be

exact.

FIGURE 6.7: Relationship between the real (R) and reactive (X) part of the plasma-loaded antenna
impedance, as calculated using Eq. 6.2. The actual impedance of the antenna must lie
on this line (assuming the model and measured values are correct). The impedance
measured with the directional coupler data is shown as an ×.

In Fig. 6.8, there is a marked increase in the real part of the antenna load from P = 200 W to

P = 220 W, and a slight decrease in the reactive part at the same power level. The increased real

(resistive) part of the loaded antenna impedance corresponds to an increase in the overall plasma

density, as the increased energy transfer to the plasma appears as an increased resistance of the

antenna. The slight decrease in the reactive part of the loaded antenna impedance is a result of

the load on the antenna becoming more inductive, as described in Section 5.4.

To verify the increase in density predicted by the data in Fig. 6.8, the ion (and electron) density

was measured with the double probe for the same conditions (B = 340 G, Q = 2 sccm) at z = 50 cm

as the RF power was increased, as shown in Fig. 6.9. Error bars shown are the standard deviation

of the set of four points: the up-sweep and down-sweep positive and negative ion saturation (ion

density) measurements. Between P = 200 W and P = 220 W, there is an increase in the ion density

from 7 × 109 cm-3 to 1.5 × 1010 cm-3. Also shown in Fig. 6.9 is the bulk electron temperature kTe

from the double probe, which remains near 10 eV and does not show a dramatic change across

the mode transition.

In addition to an increase in density, there is a drastic change in the overall appearance of the

plasma across the mode transition as the plasma coupling changes, as shown earlier in Fig. 2.4
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FIGURE 6.8: Real (Re(ZA) – left, open blue squares) and reactive (Im(ZA) – right, green ×s) compo-
nent of plasma-loaded antenna impedance estimated with matching circuit model given
in Section 5.4, for Q = 2 sccm and B = 340 G. The absolute values of the components
of the impedance are sensitive to the measured capacitor values, therefore the relative
change in the impedance is the important characteristic. Error bars are not shown, but
are represented by the clustering of data points.

as a part of Chapter 2. Before the transition, the plasma has a diffuse, pale pink appearance and

after the transition, the overall light output increases and the plasma becomes brighter pink color.

The discontinuous increase in plasma density, change in plasma-loaded antenna impedance

and the shift in light output between P = 200 W and P = 220 W are all evidence of the capacitive

(E) to inductive (H) transition described in Chapter 2. There are several indicators that this is in-

deed the E-H transition and not the inductive to helicon (H-W) transition. First, if this was the H-W

transition, there would be a distinct blue core in the plasma, a feature of “true” helicon wave cou-

pling. Second, as will be shown below, there are significant RF fluctuations of the plasma potential

before the transition, a feature of capacitive coupling, which are reduced after the transition. Lastly,
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FIGURE 6.9: Electron (and ion) density (blue ×s, left axis) and electron temperature (green open
squares, right axis) measured with the double probe for B = 340 G, Q = 2 sccm, and z
= 50 cm as a function of RF forward power. Error bars denote the standard deviation of
the values measured, four points for the density and two for the electron temperature.

the plasma densities before and after the transition (a few 109 cm-3 to 1010 cm-3) are characteristic

of the capacitive and inductive mode, and are much too low to be the helicon mode.

It is important to note that for magnetic fields lower than B = 340 G at Q = 2 sccm and

P = 100 W, it is possible to create a plasma but it remains localized under the RF antenna and does

not propagate or flow to the expansion chamber. This same phenomenon occurs when the argon

flow rate is decreased (see Section 6.4). In this case, the plasma density in the expansion cham-

ber is very low, below the threshold of measurement with the current diagnostics. It is expected

that the plasma is produced capacitively under the antenna, only between the two antenna leads.

This will be further discussed in Chapter 7. In addition, there is also some hysteresis present in

the E-H mode transition, which is not shown. The data in Fig. 6.8 was taken as the RF power was

increased from 40 W to 500 W, and the mode transition occurs at 200 W. If the power is instead

decreased from 500 W to 40 W, the mode transition point occurs (from H-E) at a lower power,

around 160 W. This hysteresis is discussed in Chapter 2.

The two-grid RPA was used to measure the bulk ion potential difference between the source

and expansion chambers and subsequent accelerated ion population across the E-H transition,
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which is shown in Fig. 6.10. The potential drop is calculated from the difference between the

upstream plasma potential (at z = 50 cm) and the downstream plasma potential (at z = 90 cm).

Also shown is the collector current at a discriminator voltage VD = 0, which is indicative of the

ion density (see Section 7.1 for a rigorous treatment), at z = 50 cm. There is a distinct jump

in the potential drop from the E mode to the H mode, from ∆V = 72 ± 2 V at P = 200 W to

∆V = 54 ± 2 V at P = 220 W. In the E mode (P < 200 W), the potential drop increases with RF

power, from ∆V = 45 ± 2 V at P = 40 W to ∆V = 72 ± 2 V at P = 200 W, right before the mode

transition. In the H mode, the potential drop magnitude varies much less, with a slight decrease

(about 5 V) from P = 220 W to P = 400 W. The error in the RPA potential measurements arises

from the manual fitting used to determine the peak in the ion distribution.

FIGURE 6.10: Collector current at VD = 0 (left, blue ×s) and potential drop ∆V (right, green open
squares) vs. RF power across the E-H transition for Q = 2 sccm, B = 340 G. The poten-
tial drop ∆V is calculated from the upstream (z = 50 cm) and downstream (z = 90 cm)
bulk ion potentials, and the collector current is measured at z = 50 cm.
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6.3.2 Inductive - Helicon (H-W) Mode Transition

A second mode transition occurs at much higher neutral pressures and RF powers, which will

be shown to be the inductive-helicon (H-W) transition. Figure 6.11 shows the real and reactive

components of the plasma-loaded antenna impedance vs. RF power for a flow rate Q = 20 sccm

and B = 340 G. A clear mode transition occurs between P = 700 W and P = 800 W, with an increase

in the real (resistive) component and a decrease in the reactive component. It is important to note

that the H-W transition only occurs at higher neutral pressures, flow rates and magnetic fields,

since there is a threshold electron density for the helicon wave dispersion relation to be satisfied

with a given antenna spectrum (geometry). The ion density for the same conditions, measured

with the double probe, is shown in Fig. 6.12. There is a sharp jump from ne = 6 × 1011 cm-3 to ne

= 1.2 × 1012 cm-3 from P = 700 W to P = 800 W.

FIGURE 6.11: Real (Re(ZA) – left, open blue squares) and reactive (Im(ZA) – right, green ×s) com-
ponents of loaded antenna impedance vs. RF power for the H-W transition for Q = 20
sccm and B = 340 G, measured with the antenna impedance diagnostic.
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FIGURE 6.12: Electron (and ion) density (blue ×s, left) and electron temperature (green open
squares, right) measured with the double probe for B = 340 G, Q = 20 sccm, and
z = 50 cm as a function of RF forward power.

The primary indicator that this transition is the H-W transition is the appearance of a bright,

blue core in the center of the discharge just downstream of the antenna, characteristic of helicon

wave coupling. Previous work in our group has shown in the presence of the blue core in this

device, measurements of the RF magnetic fields are consistent with the helicon mode, therefore

the blue core can be used as a basic indicator of the presence of the helicon mode [28]. For the

purposes of this work, it is important to note that the helicon mode cannot be obtained for the

same parameters that give large potential gradients.

Again the two-grid RPA was used to measure the potential drop between the source and ex-

pansion chambers for the H-W transition, shown in Fig. 6.13. Overall, the potential drops are much

lower than for the E-H transition. A potential drop ∆V = 5 ± 1 V, which is fairly insensitive to RF

power, is observed from 100 W to 700 W, and a jump to a potential drop ∆V = 8 ± 1 V is observed

past 800 W in the helicon mode. The collector current at zero discriminator voltage is also shown,

and a sharp rise is observed across the H-W transition point, indicative of a density jump.
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FIGURE 6.13: Collector current at VD = 0 (left, blue ×s) and potential drop ∆V (right, green open
squares) vs. RF power across the H-W transition for Q = 20 sccm, B = 340 G. The
potential drop ∆V is calculated from the upstream (z = 50 cm) and downstream (z =
90 cm) plasma potentials and the collector current is measured at z = 70 cm.

6.4 Scaling of Potential Gradient

The parametric scaling of the potential difference between the source and expansion chambers

is investigated, including variation with flow rate, RF power and magnetic field strength.

Flow Rate

Figure 6.14 shows the potential drop magnitude (difference between upstream plasma poten-

tial at z = 50 cm and the expansion chamber plasma potential at z = 80 cm) as a function of argon

flow rate at P = 100 W and B = 340 G. As flow rate is decreased, an increase in the potential

drop is observed from ∆V = 35 V at 4 sccm to over ∆V = 110 V at 1.3 sccm. Below 1.3 sccm,

the source operation changes abruptly and no significant plasma extension is observed into the

expansion chamber and there is no signal observed on the two-grid RPA at z = 50 cm. As the

flow rate is decreased further, a diffuse discharge is observed under the antenna until the source
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becomes unstable [60] and steady state operation is not possible, with oscillations in visible light

likely due to neutral starvation and replenishing as seen by Degeling [101] and previously on this

source by Wiebold [74].

The source is operating in the capacitive mode below a flow rate of Q = 2.5 sccm, and the

inductive mode beyond that flow rate. There is a slight change in the inflection of the curve at this

flow rate threshold as evidence of the transition. The potential difference does not abruptly change

at this point due to the decreasing self-bias voltage at the transition (see Section 6.5.1 below and

Chapter 7). The density is increasing with increasing flow rate, further reducing the RF fields in the

bulk plasma. At the transition, the density is such that the electrostatic RF fields are significantly

screened and the self-bias effect is reduced and gradually decreases with decreasing modulation

of the plasma potential. A potential difference between the upstream and downstream regions still

exists due to the ambipolar expansion of the plasma.

After operating the source for several months, it was noted that the lowest flow rate that gave

stable operation significant plasma extension into the expansion chamber (and a detectable ac-

celerated population in the expansion chamber) increased. For example, observation of an ac-

celerated population at flow rates down to Q = 1.3 sccm was possible after initially installing the

expansion chamber, but several months later, operation was only possible down to Q = 1.9 sccm.

This is believed to be a result of an impurity coating or sputtering onto the stainless steel expansion

chamber walls, resulting in a reduced “quality” of the grounded boundary condition there. This will

be further discussed in Chapter 7 in the context of the self-biasing effect.

Magnetic Field Strength

Figure 6.15 shows the behavior of the potential drop as a function of the source region mag-

netic field, for a flow rate Q = 2 sccm and P = 100 W. The potential drop has been calculated

from individual z scans with the two-grid RPA using the upstream (z = 50 cm) ion potential and

the downstream (z = 90 cm) ion potential, and is therefore not dependent on z. The potential

drop monotonically decreases with increasing magnetic field, from ∆V = 65 ± 3 V at 340 G to
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FIGURE 6.14: Potential drop (∆V) and up- and downstream potentials (Vup, Vdn) vs. flow rate for
100 W RF power and 340 G magnetic field. The stars represent the higher, upstream
(z = 50 cm) and lower, downstream (z = 80 cm) potentials measured with the two-grid
RPA. The potential drop is calculated using the difference between the upstream and
downstream ion potentials as measured by both the small (two-grid) RPA (squares)
and emissive probe (triangles). Error bars are not shown here for clarity, but are on
the order of ± 2 V.

∆V = 27 ± 3 V at 1000 G. Also shown in Fig. 6.15 is the z extent of the potential gradient, which

decreases in length and moves further into the expansion chamber with increasing magnetic field.

The E-H mode transition occurs near B ≈ 600 G.

RF Power

The energy of the accelerated ion population was also measured as a function of the RF

coupled power. For each power level, the reflected power measured with the directional coupler

was minimized (< 5%). Figure 6.16 shows the difference in potential between the background and

accelerated ion populations, (Ei = e[Vaccel - Vback ]) at z = 64 cm as a function of RF input power

for a flow rate of 1.3 sccm and magnetic field of 340 G in the source region, measured with the

four-grid RPA. The energy of the accelerated population increases from 110 ± 4 eV at 1.3 sccm,

in agreement with the two-grid RPA data shown in Fig. 6.14, to 165 ± 5 eV at P = 500 W.

It is interesting to note that the source is operating in the capacitive (E) mode for the data
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FIGURE 6.15: Potential drop (∆V) vs. source region magnetic field value (field profile does not
change) for flow rate Q = 2 sccm, RF power P = 100 W. Also shown is the z ex-
tent (cm) of the potential drop structure taken from individual axial scans of the ion
distribution with the two-grid RPA.

FIGURE 6.16: Difference between accelerated ion potential and local plasma potential as measured
with the four-grid RPA vs. RF power for Q = 1.3 sccm, B = 340 G and z = 64 cm.

shown in Fig. 6.16, since the flow rate is low enough to keep the source in the capacitive mode up

to P = 500 W. Above 500 W, the source transitions to the inductive (H) mode and the accelerated

population energy drops, which is not shown in Fig. 6.16.
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6.5 RF Plasma Potential Fluctuations

The high potential differences from the source to expansion chamber measured in the capac-

itive mode (up to 165 V) led to a further investigation of the capacitive mode to determine their

cause. It was found that in the capacitive mode, there are significant fluctuations of the plasma

potential resulting from the significant capacitive coupling of the antenna and the plasma’s inability

to shield out the antenna’s fields. As will be shown below, the potential gradients are too large to

be explained by ambipolar plasma expansion or static double layer formation (see Chapter 3).

6.5.1 Capacitive (E) Mode

As detailed in Chapter 5, the first derivative of the I-V trace from an emissive probe can be

used to measure the plasma potential quite accurately (the inflection point method in the limit of

zero emission). In the presence of RF fluctuations of the plasma potential, two or more peaks

appear in the first derivative of the I-V trace. Figure 6.17 shows the first derivative of the collected

current with respect to the bias voltage as a function of the bias voltage as the filament (heating)

current is increased for Q = 2 sccm, P = 100W, B = 340 G and z = 80 cm (the same conditions as in

Fig. 6.2), in the grounded expansion chamber. Two distinct peaks appear as the filament current is

increased, which is evidence of RF fluctuations of the plasma potential. Here, the potential fluctua-

tions are nearly symmetric about the center-point of the two peaks, but this is not always the case.

The first derivative gives a measure of the relative amount of time the plasma potential spends at

each voltage, and the weighted mean of the fluctuations (see Chapter 5) gives the time-averaged

plasma potential. Although not directly measured with the emissive probe, time-resolved mea-

surements of the floating potential of a cold probe show potential fluctuations at the fundamental

and higher harmonics of the RF frequency, leading us to believe the observed fluctuations in Fig.

6.17 are of similar harmonic content (the RF frequency and its harmonics). Time-resolving the

fluctuations accurately requires a probe and electronics with adequate frequency response like

that required for accurately measuring the EEDF in a plasma with plasma potential fluctuations

(RF compensation). A measurement of the separation in inflection points, such as that shown in
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Fig. 6.17, is sufficient as a measure of the level of RF potential fluctuations.

FIGURE 6.17: First derivative of collected current with respect to the bias voltage from emissive
probe as filament (heating) current is increased for Q = 2 sccm, P = 100 W, B = 340
G and z = 80 cm.

At a closer z position to the antenna, the fluctuations become asymmetric and increase in

magnitude considerably. Figure 6.18 shows the raw I-V trace and first derivative for the emissive

probe when strongly emitting for z = 50 cm, Q = 2 sccm, P = 100 W and B = 340 G. Also shown

are the weighed mean of the fluctuations (brown dashed arrow) and the ion potential measured

with the two-grid RPA (red dashed arrow), which agree within experimental uncertainty. The black

arrows denote the extent of the potential fluctuations as determined from the first derivative. The

fact that the ion potential and the weighted mean of the plasma potential fluctuations are nearly

the same potential is a result of the ions’ inability to respond to the high-frequency fluctuations.

The ion plasma frequency ωpi is equal to the RF frequency (13.56 MHz) when the ion density
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ni ≈ 1.67 × 1011 cm-3. As shown in Fig. 6.9, the ion density for the conditions in Fig. 6.18 is

ni ≈ 8.8 × 109 cm-3, such that the condition ω2
pi � ω2

RF holds and the ions are not able to fully

respond to the fluctuations.

FIGURE 6.18: Emissive probe I-V trace (blue, solid line) and first derivative (dashed, green line) at z
= 50 cm for P = 100 W, Q = 2 sccm and B = 340 G. The brown dashed arrow indicates
the weighted mean of the potential fluctuations, and the red dashed arrow denotes the
ion potential measured with the two-grid RPA. The black arrows indicate the extent of
the RF fluctuations.

The full z dependence of the fluctuation limits as well as the weighted mean of the RF plasma

potential fluctuations are shown in Fig. 6.19. The blue and red lines show the limits of the fluctu-

ations and the weighted mean, respectively. Also shown (black ×s) is the potential of the back-

ground population of ions measured with the two-grid RPA. As in Fig. 6.18, the time-averaged

plasma potential is the same as the bulk ion potential measured with the RPA. It is interesting to



125
note that there must be a part of the RF cycle when the instantaneous plasma potential gradient

is much smaller than the time-averaged plasma potential gradient. The electrons, which are able

to fully respond to the instantaneous plasma potential profile, can easily transit the “acceleration

region” between the upstream and downstream regions in an RF cycle. The ions, however, can-

not respond as quickly and feel the effects of the time averaged plasma potential gradient. The

differing response of the electrons and ions is the basis of the self-bias effect, as will be discussed

in Chapter 7.

FIGURE 6.19: Upper and lower limits (blue lines) and weighted mean (red line) of RF plasma poten-
tial fluctuations as measured with the emissive probe for Q = 2 sccm, P = 100 W and
B = 340 G. Also shown is the bulk ion potential measured with the two-grid RPA (black
×s).

6.5.2 Inductive (H) and Helicon (W) Modes

In the inductive mode, the amplitude of the RF plasma potential fluctuations is decreased

compared to the capacitive mode. For Q = 2 sccm, P = 300 W, B = 340 G and z = 80 cm (H

mode), the RF plasma potential fluctuation amplitude is approximately ± 12 V, whereas for the
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capacitive (E) mode the fluctuation amplitude is approximately ± 30 V.

A direct measurement of the fluctuation amplitude with the emissive probe was not possible

in the W mode, due to increased heating of the filament from the collected current at higher

plasma densities. As the probe is swept, the filament emission (and visible light output) varies with

the sweep voltage as the probe draws more electron current at higher bias voltages, resulting in

additional filament heating and distortion of the I-V trace. A probe heating scheme with a feedback

loop is necessary to control the filament heating during the sweep.

While not a direct measurement of the fluctuations, the difference between the Langmuir-

probe-measured plasma potential and the two-grid RPA-measured ion potential offers an indi-

cation that the fluctuations are greatly reduced in the W mode. The Langmuir probe is strongly

affected by fluctuations in the plasma potential (see Section 5.3), and the potential at which the

electron current deviates from an exponential (roughly the plasma potential in the absence of

plasma potential fluctuations) becomes more negative than the time-averaged plasma potential,

assuming a value close to the lower end of the fluctuation extent. In the W mode, the plasma

potential as measured with the Langmuir probe is Vp = 26 ± 2 V (shown in Fig. 6.20), and the

ion potential measured with the two-grid RPA is Vp = 31 ± 2 V. Since the ion potential (the time-

averaged plasma potential) is within a few volts of the Langmuir-probe measured plasma potential

(the lower end of the fluctuations), it can be inferred that the fluctuation magnitude is only a few

volts, much lower than in the H and especially the E mode.

A second way to measure the RF fluctuations of the plasma potential in the helicon mode is to

examine the RPA-measured IEDFs. Since the density in the W mode is larger than 1.6× 1011 cm-3

(the frequency for which the ion plasma frequency ωpi is equal to the RF frequency ωRF ), the

plasma ions are able to better respond to fluctuations in the plasma potential. The IEDF becomes

double-peaked as the ions follow the fluctuations in the plasma potential, which are much lower in

magnitude (∆V ≈ ± 1.7 V) than in the E or H modes. Figure 6.21 shows the IEDF for Q = 20 sccm,

P = 800 W and B = 340 G at z = 50 cm. The IEDF is double peaked due to RF fluctuations in the

plasma potential, not due to the presence of an accelerated population.
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FIGURE 6.20: Langmuir probe I-V trace for Q = 20 sccm, P = 100 W, B = 340 G at z = 80 cm,
plotted on a logarithmic scale with the ion saturation current subtracted. The green
solid line shows an exponential (Maxwellian) fit to the bulk electrons and the red solid
line shows a linear fit to the electron saturation region.

FIGURE 6.21: Broadened IEDF for W mode, measured with Q = 20 sccm, P = 800 W, B = 340 G at
z = 50 cm. The double-peaked distribution is a consequence of RF fluctuations of the
plasma potential, not due to the formation of an accelerated population.
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6.6 Upstream Boundary Condition

In order to ensure current-free flow of the plasma from the source tube into the expansion

chamber, as would be required for spacecraft to avoid charging, any return paths for current to

the upstream end of the source must be removed. To that end, the upstream endplate, which is

grounded in the experiments outlined above, was insulated from ground using 1/8” PTFE sheets

to verify that a potential gradient still occurred. Figure 6.22 shows the magnitude of the potential

difference ∆V from z = 50 cm to z = 80 cm versus flow rate for both the grounded and floating

(insulated) upstream endplate. There is an overall decrease in the magnitude of the potential

difference when the upstream endplate is floated, a consequence of the reduced electron loss

area for the source region in steady state. Most importantly, there is still a significant potential

drop when the upstream endplate is floated.

FIGURE 6.22: Potential drop vs. argon flow rate for a grounded (green squares) and floating (blue
×s) for P = 100 W, B = 340 G. The potential drop is calculated from the difference
between the two-grid RPA-measured ion potentials at z = 50 cm and z = 80 cm.

In addition to floating the upstream endplate, the DC current to the endplate when grounded

was measured with a simple DMM. A net DC current flow into the plate from ground (or net electron

current out of the plasma to ground) was measured for Q = 2 sccm, P = 100 W and B = 340 G,
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showing that the grounded upstream endplate does cause a net current flow through the source.

This will be further discussed in Chapter 7.

6.7 Georgia Institute of Technology

The accelerated ion population shown in Fig. 6.2 persists for roughly the axial extent of the

potential gradient itself. The ions are being accelerated through the potential gradient, but no

significant accelerated population persists far beyond the potential gradient as the ions in the

accelerated population are charge-exchanging with the neutral argon population in the expansion

region. However, a mock-up of our experiment, installed in a large space chamber at Georgia Tech

(see Section 4.4), has shown a significant population of ions up to 1 meter from the end of the

source chamber. Fig. 6.23 shows the ion energy distribution function, shifted such that Ei = 0 eV

corresponds to the local plasma potential. A broad distribution of ions is visible at Ei = 135 eV.

The decay of the beam population due to charge exchange will be discussed further in Chapter 7.

FIGURE 6.23: Ion energy distribution function measured with a four-grid RPA in the UW helicon
mock-up at Georgia Tech, for Q = 1.3 sccm, P = 500 W and B = 100 G at a z po-
sition 1 meter from the end of the source tube. The IEDF is normalized and shifted
such that Ei = 0 corresponds to the local plasma potential.
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Summary

Large potential differences are observed in the expansion region (between the source and ex-

pansion chambers) of the MadHeX system. The potential drops, up to ∆V = 165 V for a flow

rate Q = 1.3 sccm, RF power P = 500 W and magnetic field B = 340 G, lead to an accelerated

ion population that decays via charge-exchange collisions into the expansion chamber. Two dis-

tinct mode hops are observed, the capacitive to inductive (E-H) and inductive to helicon (H-W)

mode transitions. The potential gradients are the largest in the capacitive mode, and significant

plasma potential fluctuations at the RF frequency are also measured in the capacitive mode. In

the inductive mode, both the potential gradients and fluctuation amplitude of the plasma potential

are lower. The scaling of the potential drop magnitude in the capacitive mode with the argon flow

rate, magnetic field and RF power has been quantified. The initial observation of the accelerated

population of ions as well as the scaling study has been published in our recent paper [102].
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CHAPTER 7
Discussion

As shown in Chapter 6, potential differences exceeding 100 V are observed between the

source chamber to the expansion chamber over several hundred to a few thousand Debye lengths

for certain experimental conditions. It is important to distinguish the physical mechanism for the

formation of these substantial potential gradients. As will be shown below, the potential differ-

ences observed in the capacitive mode cannot be understood solely in terms of ambipolar plasma

expansion or static double layer formation, discussed in Chapter 3. Instead, a self-biasing of

the upstream plasma in the insulating chamber occurs relative to the downstream plasma in the

grounded expansion chamber as a result of the reduction in confinement of plasma electrons

upstream for all times during an RF cycle brought upon by significant, rapid fluctuations in the

plasma potential. The upstream, time-averaged plasma potential increases to equalize the global

time-averaged electron and ion fluxes.

Figure 7.1 is a system diagram including the labeled regions that will be used throughout the

discussion of the research results. The upstream and downstream regions are delineated and the

the region of the observed potential drops are shown.
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FIGURE 7.1: System diagram for reference during discussion of results. The upstream and down-
stream regions are shown, as well as the region of the observed potential drops (red
dashed box). The upstream endplate is also noted, which can be floated or grounded.

7.1 Ambipolar Plasma Expansion

Ambipolar (Boltzmann) plasma expansion is characterized by the balance between the gradi-

ent in the electron pressure (pe = nekTe) and an ambipolar electric field that forms. The ambipolar

field retards electrons and accelerates ions to maintain neutrality [23]. It is important to note that

the electrons and ions both remain at the (DC) plasma potential, determined by the Boltzmann

relation:

ne(z) = ne0 exp
[

e(Vp(z)− Vp0)
kTe

]
(7.1)

where Vp(z) is the local potential, Vp0 is the initial potential, ne(z) is the electron density profile,

ne0 is the initial electron density and Te is the electron temperature under the assumption of a

Maxwellian distribution. Equation 7.1 can be solved for the potential profile as a function of the

electron density ne(z):

V (z) = V0 +
kTe

e
ln
[

ne(z)
ne0

]
(7.2)

If the electron density ne(z)/ne0 is plotted versus the potential Vp(z)−Vp0, the electron temperature

can be determined from a fit to the resulting curve. MATLAB’s cftool was used to perform a
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least-squares fit on the time-averaged plasma potential and ion density (assumed equal to the

electron density) data to Eq. 7.1, and the result is plotted on a semi-log scale. For a given set of

experimental conditions, if the calculated (Maxwellian) electron temperature from the fit matches

the measured electron temperature, it is assumed that the expansion is following the Boltzmann

relation.

It should be noted that the method used to measure the electron temperature with the sin-

gle and double probes can be affected by fluctuations in the plasma potential. In the presence

of significant fluctuations (in the capacitive mode, for example), a straight-line fit was applied to

the tail region of the measured electron current (total collected current with ion saturation current

subtracted with a linear fit) that is “outside” of the extent of the fluctuations in an effort to avoid

the effects of the fluctuations. Since the probe is unable to fully respond to the fluctuations at

the RF frequency, the time-averaged collected current is measured instead of the instantaneous

collected current, which will result in a poor estimate of the electron temperature. However, this

method does not measure the full EEDF and only offers an estimate of the true electron temper-

ature (and distribution), which may be changing on an RF timescale and may not be Maxwellian.

In order to more accurately measure the EEDF, a non-invasive method such as optical emission

spectroscopy (OES) or a fully compensated probe must be constructed. However, the large mag-

nitude of the fluctuations makes the use of a compensated probe impractical. These issues should

be kept in mind when interpreting the results below. Chapter 8 details the use of OES for EEDF

measurement.

7.1.1 Capacitive (E) Mode

For the data shown in Figs. 6.2 and 6.4, taken with Q = 2 sccm, P = 100 W and B = 340 G, the

source is operating in the capacitive mode as shown in Section 6.3.1. The ion density ni (z) = ne(z)

from the single probe is plotted versus the bulk ion potential V (z) obtained from the two-grid RPA

and shown in Fig. 7.2. The right-hand side of the plot corresponds to z = 50 cm (the highest

density and potential) and the left-hand side corresponds to z = 80 cm. It was shown previously

in Chapter 6 that the RPA-measured bulk ion potential and the emissive probe measured time-
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averaged plasma potential are quite close (Fig. 6.19), therefore either result can be used in this

calculation. In addition, the ion density is assumed to be equal to the electron density, as is

assumed in ambipolar expansion. Also shown in Fig. 7.2 is the fit to Eq. 7.1 (black dashed line).

Since the data is plotted in a logarithmic scale, the data points at lower densities (the left-hand

side of the plot) appear to not fit the equation as well as at higher densities, but the fit is performed

on a linear scale to avoid weighting points unequally as would occur if the data were fit to a straight

line with a least-squares fit on a logarithmic scale.

FIGURE 7.2: Electron density (single probe) plotted versus the bulk ion potential from the two-grid
RPA for Q = 2 sccm, P = 100 W and B = 340 G. A least-squares fit to Eq. 7.1, calculated
on a linear scale, is also shown (black dashed line) as well as the resulting electron
temperature from the fit.

The calculated electron temperature kTe = 15.5 ± 1.5 eV is substantially higher than that

measured with the single probe (shown in Fig. 6.4) of kTe = 9.0 ± 1.1 eV at z = 50 cm, therefore

the expansion for this case is likely not following a Boltzmann relation. Of course, the significant

plasma potential fluctuations measured in the capacitive mode (shown in Fig. 6.19) are proof that

the electrons and ions will respond differently, so it is not expected that an ambipolar expansion

applies. The electrons, which can follow the rapid fluctuations in the plasma potential, obey a

Boltzmann relation relation in response to the time-dependent plasma potential profile, but the

time-dependent electron density is difficult to measure experimentally. The ions, which respond

only to the time-averaged plasma potential, do not follow a Boltzmann relation.
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Since the density profile has been measured, the model given in Section 3.2, which assumes

a density profile based on the magnetic field profile, is not necessary for calculating the potential

profile and the resulting required electron temperature for Boltzmann expansion. However, the

model should produce the same result using the measured magnetic field profile. For an area

expansion ratio of roughly B1/B2 = A2/A1 ≈ 10 for z = 48 cm to z = 70 cm (the potential gradient

region in Fig. 6.2, see Fig. 4.4), the predicted potential drop is e∆V/kTe ≈ 3.3. For the mea-

sured temperature of kTe = 9 ± 1 eV for these conditions, the model-predicted potential drop is

∆V = 29.7 ± 3.3 V, much lower than the observed ∆V ≈ 65 V. Looking at it in a different way,

for the measured potential drop of ∆V ≈ 65 V, the required electron temperature kTe ≈ 19.7 eV,

much higher than the measured kTe = 9 ± 1 eV. The magnetic field ratio used in the above calcu-

lation is approximate and varies depending on which z locations are chosen as the “upstream” and

“downstream” points, leading to the difference between the electron temperature calculated in Fig.

7.2 and the above calculation. In addition, the density profile has been measured, not assumed.

While the electron density was not directly measured with the single or double probe for a lower

flow rate Q = 1.3 sccm with P = 100 W and B = 340 G, the two-grid RPA collector current at VD

= 0 can be used as an indicator of the total ion density. Charles [78] gives an expression for the

density as a function of the collector current at VD = 0:

ni =
I(VD = 0)
T 2Aq 〈v〉

(7.3)

where I(VD = 0) is the collector current at VD = 0, T is the grid transmission factor (for two grids),

A is the RPA area, q is the ion charge and 〈v〉 is the average velocity of the ions entering the RPA,

calculated using:

〈v〉 =

∫∞
0 vf (v )dv∫∞
0 f (v )dv

(7.4)

Since T , A and q do not change, plotting I(VD = 0)/ 〈v〉 is indicative of the ion density. The average

ion velocity 〈v〉 is calculated experimentally from the IEDF. In Fig. 7.3, I(VD = 0)/ 〈v〉 is plotted

versus the bulk ion potential, also from the two-grid RPA, on a logarithmic scale. The resulting fit

from Eq. 7.1 gives an electron temperature of kTe = 23.8 ± 3.1 eV, much higher than expected
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for these conditions. The ion density and electron temperature were not directly measured for

Q = 1.3 sccm due to the increase in minimum operating pressure observed over several months

(discussed previously in Section 6.4). The single and double probe diagnostic was not utilized

until after the minimum operating flow rate (pressure) had increased beyond Q = 1.3 sccm (to

approximately 1.8 sccm).

FIGURE 7.3: Electron density (single probe) plotted versus the bulk ion potential from the two-grid
RPA for Q = 1.3 sccm, P = 100 W and B = 340 G. A least-squares fit to Eq. 7.1,
calculated on a linear scale, is also shown (black dashed line) as well as the resulting
electron temperature from the fit.

The above calculations are based on data taken with the upstream endplate of the system

grounded, creating the possibility of a net current flow through the source region. If the upstream

endplate is instead floated, enforcing a zero net current from the source region to the expansion

chamber, a potential difference is still present and remains higher than that predicted by ambipolar

expansion. For a grounded endplate, the potential drop for Q = 2 sccm, P = 100 W and B = 340 G is

∆V ≈ 65 V. For the floating endplate under the same conditions, the potential drop was measured

to be ∆V ≈ 46 V. Figure 7.4 shows the electron density, measured using the two-grid RPA collector

current at a discriminator voltage VD = 0 versus the bulk ion potential as well as a fit calculated from

Eq. 7.1. The required electron temperature to satisfy a Boltzmann relation is kTe = 11.7 ± 0.8 eV,

and the temperature measured with the double probe at z = 50 cm for the same conditions is

kTe = 7.6 ± 0.5 eV. Since the temperature for ambipolar expansion in this case is larger than that

measured, the expansion is likely not ambipolar.
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FIGURE 7.4: Electron density (single probe) plotted versus the bulk ion potential from the two-grid
RPA for Q = 2 sccm, P = 100 W and B = 340 G with the upstream endplate floated. A
least-squares fit to Eq. 7.1, calculated on a linear scale, is also shown (black dashed
line) as well as the resulting electron temperature from the fit.

It is worthwhile to note that in the presence of an energetic tail population of electrons, the

ambipolar potential will increase as the energetic electrons can more readily escape the upstream

region. The effect of the energetic electrons can be quantified using a bi-Maxwellian distribution

with an effective temperature Teff [103]:

gp(E) =
2ne0√
π

[
1− β
kT 3/2

1

exp(−E/kT1) +
β

kT 3/2
2

exp(−E/kT2)

]
(7.5)

where gp(E) is the EEPF, ne0 is the electron density and T1 and T2 are the temperatures of

the bulk and energetic distributions, expressed in eV. The effective temperature is defined as

Teff = (1 − β)T1 + βT2. While it was not possible to measure the time-dependent electron en-

ergy distribution (EEDF) accurately with the current set of diagnostics, there is no indication that

a significant population of energetic electrons exists using the single probe. A significant frac-

tion of energetic electrons would need to be present for the effective temperature Teff to equal

the predicted electron temperature for the expansion. For example, to attain an effective tem-

perature kTeff = 15.5 eV as in the expansion observed in the capacitive mode (above), a 30 %

fraction (β = 0.3) of 31 eV electrons would be required, using the measured kTe = kT1 = 9 eV.

This large an energetic population would likely appear on even an uncompensated single probe.

Measurements of the EEDF using RF-compensated probes in discharges similar to ours have not

shown the presence of energetic electrons in a helicon system where ion acceleration is observed
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(see [69,70,104] for example). Instead, the electron energy distribution is depleted past an energy

equal to the potential drop observed. For this reason, it is not believed an energetic population is

responsible for the larger-than-ambipolar potential difference, especially in light of the RF fluctu-

ations and the self-bias effect well known in capacitive discharges (see Sections 3.1.3 and 7.3).

Optical emission spectroscopy (OES) could be a valuable tool in extracting the EEDF, which will

be used on this experiment in the future (see Chapter 8).

7.1.2 Inductive (H) Mode

In the inductive mode, it was observed that the potential fluctuations were reduced, a result of

the increased inductive coupling of the antenna to the plasma. Some non-zero capacitive coupling

to the plasma remains and potential fluctuations are still observed. The same analysis of the

electron density vs. bulk ion potential was carried out for two cases in the inductive mode. In the

first case, the RF power is increased from the case shown in Fig. 7.2 from 100 W to 500 W, such

that the source transitions to the H mode (see Fig. 6.9) with the flow rate Q = 2 sccm and magnetic

field B = 340 G kept the same. The result is shown in Fig. 7.5, including the Boltzmann fit (black

dashed line). The required electron temperature to satisfy a Boltzmann expansion for this case

is kTe = 11.5 ± 2 eV, quite close to the measured value of kTe = 11.0 ± 0.8 eV with the double

probe (not shown, but see Fig. 6.9). Therefore, it is likely that Boltzmann plasma expansion is

responsible for the potential difference for these conditions.

In addition, the same analysis was carried out for another set of conditions that lead to inductive

operation of the source. Instead of increasing the RF power from that in Fig. 7.2, the flow rate was

increased from Q = 2 sccm to Q = 4 sccm and the power kept at P = 100 W and magnetic field

at B = 340 G. The result and the fit are shown in Fig. 7.6. The electron temperature required

for Boltzmann expansion in the case is kTe = 4.7 ± 0.8 eV, well within the measured electron

temperature of kTe = 4.5 ± 0.6 eV with the double probe for these conditions (not shown). For this

case, it also appears the expansion obeys the Boltzmann relation.

Despite the presence of the RF fluctuations of the plasma potential (∆V/V ≈ 20%), the ex-
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FIGURE 7.5: Electron density (single probe) plotted versus the bulk ion potential from the two-grid
RPA for Q = 2 sccm, P = 500 W and B = 340 G. A least-squares fit to Eq. 7.1, calculated
on a linear scale, is also shown (black dashed line) as well as the resulting electron
temperature from the fit.

FIGURE 7.6: Electron density (single probe) plotted versus the bulk ion potential from the two-grid
RPA for Q = 4 sccm, P = 100 W and B = 340 G. A least-squares fit to Eq. 7.1, calculated
on a linear scale, is also shown (black dashed line) as well as the resulting electron
temperature from the fit.

pansion for these two cases in the inductive mode follows the Boltzmann relation.

7.1.3 Helicon (W) Mode

In the helicon mode, the expansion also obeys the Boltzmann relation, just as for the inductive

mode. The RPA was used to measure the potential drop between z = 50 cm and z = 80 cm for Q

= 20 sccm, P = 800 W and B = 340 G. A decrease in the potential difference from ∆V = 35 ± 1 V

to ∆V = 27 ± 1 V is observed (a difference of ≈ 8 V) and a density drop from ni = 3.5 × 1011 cm-3



140
to ni = 3 × 1010 cm-3, a factor of ≈ 12, using the double probe at the same axial locations. The

required electron temperature for this density and potential gradient is kTe ≈ 3.3 eV, close to

the measured electron temperature of kTe = 3.5 ± 0.3 eV, measured with the double probe at

z = 50 cm. Therefore, the expansion in the helicon mode is likely an ambipolar expansion.

7.2 Axial Evolution

Decay of Accelerated Population

Regardless of operating mode, the accelerated ion population decays due to ion-neutral colli-

sions, in particular charge-exchange (CX) collisions. The mean free path for these interactions is

given by:

λcx =
1

ngσcx
(7.6)

where ng [cm−3] = 3.25 × 1013p [mTorr] and σcx is the total ion collisional cross section and is a

function of the incident argon ion energy. The cross section σcx varies from 8 × 10−15 cm2 at low

(Ei ≈ 4 eV) energies and decreases to 4 × 10−15 cm2 at higher (Ei > 300 eV) energies [23]. Using

the Gaussian-fitted data from the two-grid RPA for Q = 2 sccm, P = 100 W and B = 340 G (shown

in Fig. 6.2, the characteristic decay length for the accelerated ion population can be calculated

using an exponential decay fit. The current collected by the RPA that is due to the accelerated ion

population is equal to:

Iaccel = qnaccelvaccelARPA (7.7)

where Iaccel is the current collected by the RPA when the discriminator voltage is VD = Vaccel , the

potential of the peak in the accelerated voltage, naccel is the density in the accelerated population,

ARPA is the collecting area of the RPA, q is the ion charge and vaccel is the accelerated ion velocity.

The current collected by the RPA that is due to the beam can be calculated from the integral of the

distribution of the accelerated population [58,72]:

Iaccel ∝
∫ +∞

0
vfaccel (V )dV (7.8)
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which is from Eq. 5.5 and faccel (V ) is only the accelerated part of the distribution. The Gaussian

fitting described in Chapter 5 separates the accelerated- and bulk-ion portions of the IEDF, allowing

an analysis of just the accelerated population. It is important to note that the axial profile of the

density naccel will include the effects of both charge-exchange collisions as well as any radial

divergence of the plume. There will be non-zero radial divergence of the accelerated population

due to the diverging magnetic field and non-zero radial potential gradients (see Fig. 6.6). The

radial profile of the beam as a function of axial distance was not characterized, but an estimate

can be made using the magnetic field profile. The axial profile of the density decay, which is

appropriate for use in calculating the charge-exchange mean free path, can then be calculated

by compensating for the expansion of the plasma, since only the effect of the charge-exchange

collisions should be included in a calculation of the charge-exchange mean free path. In the

absence of any charge-exchange collisions that would depopulate the accelerated population, the

flux of ions in the accelerated population will be conserved. If there is any decrease in the flux

of the accelerated population (that is not due to expansion or acceleration), it is assumed to be a

result of charge-exchange collisions. With this in mind, the density of the accelerated population

naccel from Eq. 7.7 can be written as:

naccel = nb
v0A0

vaccelAb
(7.9)

where v0 and A0 are the initial ion velocity and area of the beam before the acceleration, Ab is

the area of the plume at the point where naccel and vaccel are measured, and nb is the density

of the accelerated population, which is “compensated” for any radial expansion. If there are no

charge-exchange collision losses, naccel = nb. Inserting Eq. 7.9 into Eq. 7.7 and solving for nb:

nb =
Iaccel

qv0ARPA

Ab

A0
(7.10)

The velocity of the accelerated population does not appear in Eq. 7.10, since the RPA measures

an increasing flux from the increasing ion velocity, but the density naccel is also decreasing by the

same amount due to the acceleration. The area ratio remains, however, since the area of the RPA
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is not changing. Physically, this can be interpreted using the assumption that the plasma is tied

to the magnetic field lines (although this is not critical for the calculation). The RPA is intercepting

some bundle of flux lines in the upstream region, and in order to make a fair comparison between

the measured fluxes at two points, the area of the RPA would have to increase or decrease such

that it intercepts the same bundle of flux lines at every measurement location. Since the collection

area of the RPA is constant, the measured flux at a given location must be adjusted to fairly make

a comparison to another location. It is also important to mention that this sort of compensation

does not need to be carried out for the calculations performed in Section 7.1, since the Boltzmann

relation depends on the measured density, including any radial expansion of the plasma.

The normalized density nb is shown versus axial distance z in Fig. 7.7, including the fit to

an exponential decay, compensated using the measured magnetic field profile. The decay con-

stant, equal to the mean free path λi , has a value of 7.8 ± 1.1 cm. The estimated neutral pres-

sure in the potential drop region is some value in between the measured upstream (0.53 mTorr)

and downstream (0.16 mTorr) gauges, most likely near 0.3 - 0.4 mTorr. For a cross section

σcx = 6 × 10−15 cm2, the predicted mean free path is λi ≈ 13 cm, longer than that calcu-

lated from the fit. In terms of neutral pressure, the calculated ng using Eq. 7.6 and the measured

λi = 7.8 ± 1.1 cm is approximately ng ≈ 0.65 mTorr. While there is some error from the energy

dependence of the cross section (the energy of the charge-exchanging ions is a function of z and

therefore σcx is as well), the mean free path is shorter than expected for the estimated neutral

pressure in the potential drop region. This could also be due to an inaccurate measurement of

the pressure, an increase in the local neutral pressure due to neutral recycling or due to a higher

neutral pressure in the RPA, which is not differentially pumped.

The duplicate of the MadHeX source in the space chamber at Georgia Tech (see Section 4.4)

has produced accelerated ions that persist for much longer distances, up to 1 meter from the

exhaust of the source tube. The background neutral pressure in the expansion chamber is held at

∼ 10-5 Torr as a result of a high pumping rate (six diffusion pumps, up to 600,000 L/s on air total

pumping speed) in the space chamber. The result of the same analysis as in Fig. 7.7 for this data

is shown in Fig. 7.8, using the four-grid RPA with Q = 1.3 sccm, P = 500 W and B = 100 G. The
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FIGURE 7.7: Density of the accelerated ion population calculated from Eq. 7.10 versus axial distance
including the result of an exponential decay fit. The conditions are Q = 2 sccm, P = 100
W and B = 340 G, the same conditions as in Fig. 6.2. The data points outlined in the
red dashed box are not included in the computation of the fit, since they are very near
the formation point of the accelerated population where it is not well defined yet.

resulting mean free path λi = 22.5 ± 2.5 cm. In this case, for λi = 22.5 cm, the predicted neutral

pressure in the acceleration region is pn ≈ 0.2 mTorr, again higher than background pressure in

the space chamber, possibly a result of a higher neutral pressure inside the four-grid RPA. Note

that this fit does not include the same compensation for radial expansion as in Fig. 7.7, and the

actual mean free path could be longer.

FIGURE 7.8: Density of the accelerated ion population calculated from Eq. 7.7 versus axial distance
including the result of an exponential decay fit, taken in the experimental mock-up in
a space chamber at Georgia Tech. The conditions are Q = 1.3 sccm, P = 500 W and
B = 100 G.

As a side note, the electron-neutral cross section σen is much smaller than σcx , roughly 3 to 8

× 10−16 cm2 for kTe ≈ 5-8 eV [105], therefore the electron-neutral mean free path λen ≥ 90 cm is

substantially longer than λcx , hence the ion acceleration region is electron-neutral collisionless.
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Fraction of Ions in Accelerated Population

The fraction of ions in the accelerated population can be calculated using Eq. 7.7 for the bulk

and accelerated populations. Here, the compensation for the radial expansion of the plasma is not

necessary, as the compensation factor (Ab/A0) would cancel out of the ratio. The fraction of the

ions in the accelerated population can be calculated using:

naccel

nbulk + naccel
=

Iaccel
vaccel

Ibulk
cs

+ Iaccel
vaccel

(7.11)

where naccel is the beam ion density, naccel is the bulk ion density, cs is the ion sound speed

calculated using the measured electron temperature from the single probe, vaccel is the beam

velocity and Iaccel and Ibulk denote the currents collected by the 2-grid RPA for the beam and the

bulk distributions, respectively, calculated from the integrated fits to the IEDF. It is assumed that the

bulk ions enter the analyzer at the Bohm speed cs. For Q = 2 sccm at P = 100 W and B = 340 G,

the calculated fraction in the accelerated population is ≈ 50% at z = 62 cm, and for Q = 1.3 sccm

at P = 100 W and B = 340 G, the beam fraction is ≈ 60%, also at z = 62 cm.

It should be noted that the neutral pressure gradient that exists in the system is not a significant

source of ion acceleration. The Knudsen number, which relates the argon neutral-neutral mean

free path to the chamber diameter, is given by:

Kn =
λmfp

D
=

1√
2Dπd2

o ng
(7.12)

where D is the characteristic dimension of the system, d0 is the hard-sphere diameter of argon

and ng is the gas density [106]. For the pressures measured in our system, the Knudsen number

Kn & 1, such that the flow is approaching free-molecular. The average neutral velocity in free-

molecular flow vav =
√

8kT
πMAr

is the characteristic velocity of the flow, which for room temperature

is ≈ 400 m/s. Even with neutral heating, (neutrals in thermal equilibrium with the plasma ions,

roughly 0.1 eV [107]), vav ≈ 800 m/s. The measured ion beam velocities are in the range of 13 -

28 km/s, therefore the background neutral velocities are much smaller than the ion beam velocities.
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7.3 Self-Bias Effect

In light of the conclusions of Section 7.1, it is of interest to determine the reason the potential

differences exceed that predicted by ambipolar or Boltzmann plasma expansion when the source

is operating in the capacitive mode. The large RF fluctuations of the plasma potential observed

in the capacitive mode offer insight into the mechanism; the upstream plasma is “self-biasing”

relative to the plasma in the grounded expansion chamber.

The plasma electrons’ characteristic time scale τe = ω−1
pe is less than a few percent of the

RF period for densities characteristic of the capacitive mode. For instance, the electron density

at z = 50 cm for Q = 2 sccm, B = 340 G and PRF = 100 W is ne = 8.8 × 109 cm-3, therefore

τ2
e /τ

2
RF = ω2

RF/ω
2
pe ≈ 0.03%. The electrons are easily able to transit the scale length of the

acceleration region and possibly the length of the system in an RF period. The plasma ions,

however, whose characteristic time scale τi = ω−1
pi is several times the RF period for the same

electron density, are unable to respond to the rapid changes in the plasma potential and its gradient

in an RF cycle. Instead, the ions respond to the time-averaged plasma potential profile as indicated

in Fig. 6.19. The electrons can easily flow from the upstream region during an RF cycle, whereas

the ions cannot, and there is an imbalance of flux. This imbalance is short-lived, as the steady

state fluxes of electrons and ions must balance over an RF cycle (assuming no net current flow). A

time-averaged (DC) potential difference builds to retard electron flux and increase ion flux, and this

increase is the self-bias voltage described in Eq. 3.13. For an electron density of 1.6 × 1011 cm-3,

ωpi = ωRF and the ions will be better able to follow the fluctuations. However, at these densities,

the source is operating in such a mode where the plasma potential fluctuations are much reduced,

either in the inductive or helicon mode. The higher electron density better shields the RF antenna

fields as the skin depth δp = c/ωpe decreases, for instance δp ≈ 1.3 cm for low collisionality

(νen � ωRF ) at ne = 1.6 × 1011 cm-3. The self-bias effect occurs exactly in the mode with the

highest plasma potential fluctuations. When the ion density is high enough such that they can

follow the fluctuations, the magnitude of the fluctuations is reduced in the source.

In the case of ambipolar expansion, the ambipolar (retarding) electric field increases until
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enough electrons are confined such that the ion and electron fluxes are equal from the source

region. The electron diffusion over the ambipolar potential gradient is directly related to the num-

ber of electrons in the distribution with sufficient energy to overcome the ambipolar field, which can

be calculated from the electron temperature in a Maxwellian electron distribution. For this reason,

the ambipolar electric field and potential profile is a function of the electron temperature. How-

ever, in the present case, the plasma potential is rapidly fluctuating due to the capacitive coupling

of the antenna to the plasma, and the resulting electric field that forms (which the electrons can

respond to) is not necessarily dictated strictly by the electron temperature or distribution, but the

field instead adjusts such that electron and ion fluxes through the potential gradient are equal. The

electron temperature still plays a role in the system equilibrium and the self-bias effect (see Eq.

3.13), but the potential difference between the source and expansion regions is not necessarily

limited by the ambipolar potential, set by the density gradient and electron temperature. The re-

sulting electric field (and potential gradient) is a result of the self-bias effect. Typically, the self-bias

effect is studied in a plasma processing system, where a floating substrate self-biases negatively

with respect to the bulk plasma (and ground) because of the extra electron flux to the substrate

(see Eq. 3.13). The bulk plasma potential is held at some positive potential due to the grounded

walls confining it, but the substrate is allowed to charge negatively.

In the present case, the time-averaged plasma potential in the expansion chamber is held at

roughly the DC floating potential (≈ 5kTe/e ∼ 40-50 V) by the grounded walls (see Section 3.1).

The upstream plasma, inside an insulating chamber, is able to charge relative to the downstream

plasma. The insulating walls do not provide an “anchor” for the plasma potential in the source

region, since they are allowed to float. However, the transition region between the source and

expansion chambers, which would normally support a potential gradient equal to that predicted

by simple ambipolar expansion, supports a much larger potential difference due to the increased

electron flux from the source region due to the RF timescale plasma potential fluctuations. Of

course, the situation is always self-consistent, such that the global electron and ion losses from the

plasma are equal in steady state (no net current drawn from the plasma as a whole). The upstream

boundary condition, explored below in Section 7.3.1, establishes the distribution of the losses in
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the system and the restriction on current flow through the source region. In the case of the floating

endplate, the plasma in the upstream source region self-biases relative to the downstream plasma

in the expansion chamber such that the time-averaged electron and ion fluxes from the upstream

source to the downstream chamber are equal. When the upstream endplate is grounded, the

same occurs, except equality of the net electron and ion fluxes from the upstream region (to the

endplate as well as to the downstream chamber) is satisfied.

It is possible to estimate the magnitude of the expected self-bias voltage using Eq. 3.13, where

the additional self-bias voltage due to the plasma potential fluctuations is given by:

Vfl−RF − Vfl−DC = VSB =
kTe

e
ln
[
I0

(
eV1

kTe

)]
(7.13)

where VSB is the increase in the floating potential due to the plasma potential fluctuations, V1 is the

amplitude of the fluctuations and Te is the electron temperature. From Fig. 6.19, the amplitude of

the fluctuations at z = 50 cm is V1 ≈ 70 V for Q = 2 sccm, P = 100 W and B = 340 G. The electron

temperature kTe ≈ 9 eV from Fig. 6.4 for these conditions, therefore the predicted self-bias voltage

is VSB ≈ 53 V. The measured potential drop from z = 50 cm to z = 80 cm for the same conditions is

∆V ≈ 65 V, higher than that predicted. However, the fact that the time-average of the fluctuations

is not equal to the midpoint between the maximum and minimum plasma potential is evidence that

there are multiple harmonics of the fundamental RF frequency present. As discussed in Chabert

[33], additional harmonics increase the self-bias voltage, with each harmonic contributing an extra

factor ln[I0(ai )] where ai is the contribution of the i th harmonic, if the harmonics are in phase. The

contribution of additional harmonics can be estimated by assuming a form of the plasma potential

fluctuations and using the maximum, minimum and time-averaged values of the plasma potential

(all known) to find the necessary coefficients. The assumed form of the fluctuations is:

V (t) = B exp [−A sin(ωt)] + C (7.14)

where ω is the RF frequency. The assumed plasma potential Vp(t) for Q = 2 sccm, P = 100 W

B = 340 G at z = 50 cm is shown in Fig. 7.9, and the time-average is shown as a dashed line.
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FIGURE 7.9: Waveform of plasma potential fluctuations using an assumed form V (t) =
B exp [−A sin(ωt)] + C, where the coefficients are calculated from the measured min-
imum, maximum and time-averaged plasma potentials. The time-average of the wave-
form is shown as a dashed line.

The contribution of the second, third and fourth harmonics in the waveform in Fig. 7.9 are 35%,

10% and 2%, respectively. This results in an increase in the estimated self-bias voltage to VSB

= 72 V. The measured potential drop for these conditions is ∆V = 65 V, between the estimated

self bias voltage for a single harmonic (VSB = 53 V) and including four harmonics (VSB = 72 V).

The potential fluctuations in the downstream chamber are lower than that in the upstream region,

but still nonzero. In Fig. 6.19, at z = 80 cm the fluctuations are still V1 = 30 V, however the

time averaged plasma potential in the chamber is most likely set by the fluctuations closer to the

chamber walls, which are presumably much lower. For the same conditions, the emissive probe

was rotated such that the probe tip was within a few centimeters of the grounded wall, and the

measured fluctuations were V1 ≈ 10 V. The self-bias voltage in the expansion chamber is much

lower than that in the source region, VSB ≈ 3 V. Therefore, the time-averaged plasma potential

remains near the DC floating potential, roughly Vp ≈ 5 kTe/e ≈ 45 V in the expansion chamber.

The additional potential difference from the self-bias effect results in additional ion acceleration

resulting in a decrease in the ion density as a result of the conservation of ion flux. However, as

explained in Section 7.1, the density and potential gradients do not follow a Boltzmann relation.

For example, at Q = 2 sccm, P = 100 W and B = 340 G (the capacitive mode), the ion density

measured with the single probe decreases by a factor of ≈ 36 through the potential drop. The ion

velocity, assuming the ions are moving at the sound speed cs before the acceleration, increases
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by a factor of ≈ 3.6. Assuming the plasma is tied to the magnetic field lines, the cross sectional

area of the plasma increases by a factor of roughly ≈ 10. The ratio of the ion flux upstream and

downstream of the potential gradient is approximately unity:

Γu

Γd
=

nuvuAu

ndvdAd
≈ 1 (7.15)

where u and d denote upstream and downstream quantities. The ion flux is conserved, but the

ions’ potential and density do not obey a Boltzmann relation. Although not a rigorous calculation, it

demonstrates that the ion flux is conserved even through the potential and density are not related

by a Boltzmann expression.

It is interesting to discuss the role of the grounded walls of the expansion chamber. There is

always some non-zero capacitive coupling of the RF antenna fields to the plasma, with the highest

levels in the capacitive mode. The grounded expansion chamber walls act as a grounded electrode

in the RF circuit. Some capacitive coupling is always present between the grounded and driven

ends of the RF antenna (as the RF voltage is dropped across the antenna), but it is possible to also

support RF coupling and current between the antenna and the grounded walls of the expansion

chamber (though no DC current flows), similar to that in a processing reactor. The RF electric

field between the antenna and the grounded chamber walls is not sufficient to produce breakdown

or plasma initiation, but once a plasma is created under the antenna the coupling between the

antenna and the chamber walls can lead to extension of the plasma from the source region to

the chamber, perhaps through electrostatic wave propagation such as Trivelpiece-Gould modes.

During operation of the source, a coating forms and builds on the chamber walls, which reduces

the “quality” of the ground provided by the grounded walls of the expansion chamber over time. The

reduced quality of the ground has several ramifications. First, the magnitude (difference between

upper and lower limits) in the expansion chamber has decreased over time, from ± 30 V to ± 24 V

for the same experimental conditions. Second, the time-averaged plasma potential in the source

region has decreased slightly, from 110 V to 103 V for the same experimental conditions. Lastly,

there is a gradual increase of the lower neutral pressure limit for which accelerated populations
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are observed. In the context of this lower neutral pressure limit, the reduced quality of the ground

requires a higher background electron density (a function of neutral pressure) to attain enough

electrostatic RF coupling to the grounded downstream chamber walls and resulting extension of

the plasma. A similar lower limit for appearance of the accelerated ion population is seen with

the magnetic field, but this is primarily a result of the loss of electron confinement at reduced

magnetic fields, and this limit is not significantly affected by the reduced quality of the ground in

the expansion chamber. The coating build-up over time serves to reduce the amount of capacitive

coupling and the magnitude of the self-bias effect, which will need to be addressed for future

experiments (see Chapter 8).

As an aside, at the lowest flow rate of Q = 1.3 sccm, it is possible to keep the source in the

capacitive (E) mode for RF powers up to P = 500 W. The potential differences, measured with

the four-grid RPA, exceed ∆V = 160 V at these higher powers. With this in mind, experimental

observation of accelerated ions in other expanding helicon sources operated at similar parameters

(low pressure, low or modest powers and modest magnetic fields [8]) could possibly have signif-

icant capacitive coupling producing large RF fluctuations of the plasma potential, leading to the

self-bias effect. Ion acceleration in a high-pressure (several Torr) capillary capacitive discharge

was investigated by Dunaevsky [41] and it was found that significant ion acceleration is possible,

up to energies near eVRF where VRF is the RF voltage of the source. While the self-bias effect

was not explicitly mentioned, it certainly the mechanism at work in their case.

In general, the idea of the self-bias effect and equality of particle loss rates is similar to the

global diffusion-based model of a current-free double layer in an expanding helicon source pro-

posed by Lieberman and discussed in Chapter 3. However, in the present case, the loss rates

are affected by the plasma potential fluctuations, which are not present in the Lieberman model,

leading to a larger potential difference between the source and expansion chambers due to the

self-bias effect. It is not believed a “classical” static double layer is observed in our system, at least

not a double layer that can be described by present models. The presence of plasma potential

oscillations indicate if the potential difference and ion acceleration were due to a double layer, it

would be an RF-modulated double layer that may serve to extend the physical length of the accel-
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eration region. Annatarone [108] has observed formation of RF-timescale double layers as a result

of plasma sheath resonance, such that large RF currents are present in their system. The strong

RF currents led to large RF field gradients and weak (eVd ≈ kTe) double layer formation. The

distinction between a double layer and ambipolar expansion is the presence of charge separation

that leads to the observed electric field. In ambipolar expansion, there is no charge separation

and the electric field forms to balance the gradient in the electron pressure, whereas in a double

layer, significant charge separation in space is present. The observation of significant plasma po-

tential fluctuations, which the plasma electrons can follow but the plasma ions cannot, is evidence

of charge separation in time and almost certainly in space. It has been established above that

the self-bias effect is responsible for the observed plasma potential gradient, however the intricate

details of the evolution of the time-dependent plasma potential has not been measured (and can-

not be accurately measured with the present diagnostics) in the potential drop region. The profile

of the plasma potential excursions shown in Fig. 6.19 is evidence that a strong plasma potential

gradient exists (≈ 70 V over 12 cm) for some time during the RF cycle (the profile of the upper

limit of the plasma potential) which would require a significant density gradient if it were ambipolar,

a factor of ≈ 105 for kTe = 10 eV. Assuming the electron density is the same as the ion density

at the upstream edge of this potential gradient, the width of the potential drop region is roughly

Ld ≈ 500 λD, longer than that of typical double layers but not unreasonable. The self-bias effect is

responsible for the potential gradient, and it may be possible that a time-dependent double layer

forms for some part of the RF cycle to connect the upstream and downstream time-dependent

plasma potentials.

Due to the presence of the static magnetic field, it is also possible for propagating electrostatic

waves to propagate in the plasma column, including Trivelpiece-Gould modes. These waves could

lead to increased extent of the plasma and are likely present in not only the capacitive (E) mode

but also the inductive and helicon modes. In fact, Trivelpiece-Gould modes have been suggested

as a mechanism for the efficient operation of helicon sources [109]. The effects of any propagating

electrostatic waves are beyond the scope of the present work, but may be of interest for further

investigation of the self-bias effect.
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7.3.1 Upstream Boundary Condition

When the upstream endplate is grounded, there is an additional electron flux from the upstream

region, and there are two ways for the plasma to compensate. First, the time-averaged plasma

potential upstream could increase to try and equalize the overall particle fluxes from the plasma. If

the upstream time-averaged plasma potential increased enough alone to compensate for the extra

electron losses, there would be no net current to the upstream plate and the acceleration due to the

downstream potential gradient would be current-free, and the global net electron and ion losses

would be equal. On the other hand, it is possible to support a net current flow through the upstream

endplate, which would act to equalize overall electron and ion losses globally in the system. In

reality, both an increase of the upstream plasma potential of roughly 20 V and a net positive current

flowing from ground into the endplate (or a net negative (electron) current flowing from the plasma

to the endplate) are observed. The (negative) electron current flows into the upstream endplate,

through ground and back into the plasma through the downstream chamber. There cannot be an

overall net current flow out of or into the plasma or infinite charging of the plasma would occur.

When the upstream endplate is isolated from ground (floated), there can be no net current to or

from the plate in steady state. Since the upstream endplate’s potential is not held at any particular

value, it can charge with respect to the plasma such that the net ion and electron currents to

the plate are zero in steady state. Most importantly, the potential difference between the source

and expansion chambers cannot be described by ambipolar plasma expansion alone, when the

endplate is either grounded or floated, and is a result of the self-bias effect.

7.4 Scaling of Potential Gradient

The scaling of the potential difference between the upstream source region and the expan-

sion chamber is mainly controlled by the time-averaged plasma potential in the upstream region,

since the potential in the grounded expansion chamber changes relatively little. For these scaling

studies, the upstream endplate is grounded, and the source is operating in the E mode unless

noted.
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7.4.1 Argon Flow Rate

As the argon flow rate is decreased, a near-exponential increase in the potential drop from the

source to expansion chambers is observed. The increase in the potential drop is a result of the

rising time-averaged value of the upstream plasma potential (the self-bias) as flow rate is reduced.

As the flow rate is reduced, the ionization rate decreases as a result of the lengthening mean free

path for electron-neutral ionizing collisions, leading to a decreased bulk electron density. As the

density decreases, the shielding of the RF electrostatic antenna fields from the plasma becomes

less effective as the skin depth δp increases. The increased RF modulation of the plasma potential

results in a larger self-bias effect and a larger potential difference between the source region and

expansion chamber. When the flow rate is dropped below a certain threshold, there is not enough

ionization to maintain a discharge in both the source and expansion chambers, and a weak capac-

itive discharge forms directly under the antenna but does not extend into the expansion chamber.

This could also be due to the lack of a propagating electrostatic mode, but more investigation of

these modes is required. This threshold flow rate was shown to rise with increased operation

time, a result of the reduced quality of the ground condition in the chamber (discussed above).

There is also evidence of the E-H transition in the middle of the flow rate scan presented in Fig.

6.14, as an inflection point near 2.5 sccm. The transition is not as abrupt as observed in the RF

power scans (Fig. 6.8 for example) since as the neutral pressure is increased, the electron density

increases gradually and the plasma shielding of the RF antenna fields becomes more effective. At

the E-H transition, the density is such that bulk RF electric fields in the plasma are greatly reduced

(compared to lower neutral pressures), leading to lower fluctuation magnitudes of the plasma po-

tential. Induced fields in the plasma become the primary mechanism for plasma sustainment and

the self-bias effect is greatly reduced or eliminated.

7.4.2 Magnetic Field

The magnetic field has an effect on the confinement of the electrons, and to a lesser extent

the ions. As B is increased, the potential difference between the source and expansion regions
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decreases. With the model of ambipolar expansion of Section 3.2 in mind, the profile of the

magnetic field does not change with the magnetic field strength, so the potential gradient predicted

by the model (a function of the ratio of magnetic field strengths) does not change drastically, only

if the location of the expansion changes. In the region of the expansion, the B field profile has a

negative slope whose magnitude decreases with increasing z, therefore if the expansion moves

further in z, the predicted potential drop from the model will also decrease. A shift in the z location

of the expansion to larger z values is observed with increasing magnetic field, but this is not

the primary reason for the decreased potential drop. The increased magnetic field confines the

plasma electrons, which only diffuse radially due to collisions (which become increasingly rare at

lower pressures). The improved radial confinement at higher magnetic fields results in reduced

overall losses from the upstream region, leading to a higher electron density, as seen previously

in this experiment [28]. The increased electron density results in a shorter skin depth, leading to

lower penetration of the RF antenna fields and reduced fluctuation in the plasma potential at the

RF frequency as discussed above, which produces a lower self-bias effect. The axial extent of

the potential gradient also shifts further into the expansion chamber, a result of increased radial

plasma confinement further into the chamber at higher magnetic fields. The ion gyroradius is

approximately rL ≈ 4 mm at z = 45 cm for the B = 340 G coil current to rL ≈ 5 cm at z = 80 cm.

The potential gradient onset starts when the ion gyroradius is rL ≈ 0.4 - 0.8 cm, suggesting the

ion magnetization may play a role in the the location of the potential gradient.

7.4.3 RF Power

An increase in the RF coupled power to the antenna leads to an increase in the voltage across

the antenna. There is also a rise in the electron density with increasing power, but it is not sig-

nificant in the potential gradient region, so there isn’t a significant increase in the shielding of the

RF fields as the RF power is increased. The increased antenna voltage leads to increased RF

electric fields inside the plasma, larger fluctuations of the plasma potential and therefore a larger

self-bias effect. Once the plasma density near the antenna passes the threshold, the capacitive to

inductive transition occurs. In the inductive mode, the antenna coupling is more efficient, leading
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to higher electron densities and increased shielding of the antenna’s RF electric fields as well as

a vanishing self-bias effect.

7.5 Analysis as a Thrust Source

Although this research is primarily aimed at understanding the fundamental mechanisms be-

hind the acceleration of ions from an expanding helicon source, it is of interest to perform some

initial calculations of the propulsion metrics explored in Section 1.1. Of course, the further develop-

ment of this source for use as a thruster would require detailed measurement and optimization of

these parameters. The research at Georgia Tech is aimed more at the real-world performance of

the helicon source in a space environment, including measurements of actual thrust developed us-

ing an null-type inverted pendulum thrust stand inside the space chamber. Measurements of thrust

have been performed on other helicon sources inside large vacuum chambers (see Williams [110]

for example), but without consideration of the self-bias effect.

Considering the low plasma densities measured in the capacitive mode, a low thrust would be

expected but the high ion energies will result in a fairly large specific impulse. Using the quantities

measured for the test case of Q = 2 sccm, P = 100 W and B = 340 G, the thrust, defined as:

T = Ib

√
2Vmi

q
(7.16)

is approximately 0.5 mN, assuming the beam density is nb = 5.3 × 109 cm-3 calculated using the

upstream ion density and 50% fraction of ions in the accelerated population, a 4 cm radius of the

accelerated population (smaller than the source chamber radius), and a beam energy of 65 eV.

The specific impulse Isp = vb/g ≈ 1800 seconds, and the power efficiency η = Pb/Pin ≈ 4%

using Pin = 100 W. Using the highest ion energy measured in the source, Ei = 160 eV, the specific

impulse Isp ≈ 2800 seconds. In the inductive mode, the density is several times higher that in the

capacitive mode but the potential gradients are lower, resulting in larger thrust (scales linearly with

both ion energy and beam density), but lower specific impulse (scales with the square root of the

ion energy). The beam density is even higher in the helicon mode, but the potential gradients are
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the lowest of any mode.

The RF plasma potential fluctuations in the capacitive mode lead to larger time-averaged

electron fluxes to the walls than would occur in the absence of the fluctuations. The extra time-

averaged electron flux, balanced by an increased ion flux, leads to increased power loss to the

walls and a reduction in overall power efficiency. To minimize the losses in the source, the surface

area of the source region should be minimized as much as possible without affecting the operation

of the source. In its present configuration, the source tube has a large aspect ratio (L/R) and the

surface area is likely larger than necessary to develop the requisite self-bias and could be reduced,

resulting in an increased power efficiency.

Experiments on the VASIMR helicon section [11] have shown large thrusts (& 100 mN) as a

result of mid-level ion energies (≈ 20 eV) but significant plasma densities (up to 1014 cm-3). Up to

30 kW of RF power is suppled to the source, which is operating in the helicon mode. This research

on the VASIMR source provides evidence that a helicon source can be used to develop significant

thrust, even in the absence of a double layer.

The appearance of a self-bias effect in the capacitive mode could be used in conjunction with

the high power, helicon-mode operation of a helicon source as an additional operating regime with

low thrust but high specific impulse and efficient propellant utilization. The design of the thruster

could also be optimized to increase the capacitive coupling and self-bias voltage.

Summary

The presence of a high-energy accelerated ion population in the capacitive mode in a helicon

source is the result of a self-bias effect. Ions, unable to follow RF fluctuations of the plasma poten-

tial and associated electric field, remain near the time-averaged plasma potential, while electrons

are able to follow the fluctuations. This leads to an increased initial electron flux from the source

region as the electrons are not well confined for all times during the RF cycle. A self-consistent

electric field (and potential gradient) builds to accelerate ions from the source to equalize the net

flux from the insulating source region. The self-bias effect is only significant in the capacitive mode,
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and the plasma expansion in the inductive and helicon modes can be well described by ambipo-

lar expansion. The scaling of the potential difference with source parameters is dictated by the

parameters’ effect on the magnitude of the plasma potential fluctuations in the source region and

the overall particle balance. As a thruster, in its present form the calculated thrust is quite low but

the specific impulse is on the order of other ion thruster technologies. The self-bias effect in the

capacitive mode could be used as a low thrust, high specific impulse (mass utilization efficiency)

mode in a high-power helicon thruster such as VASIMR.
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CHAPTER 8
Conclusions and Future Work

8.1 Conclusion

A full discussion of the results of the research is found in Chapters 6 and 7, and a brief sum-

mary of qualitative results follows. The initial observation of the accelerated population as well as

the scaling analysis has been published in our recent paper [102].

B Potential gradients and accelerated ion energies larger than those seen in other comparable

helicon experiments are observed in the expanding, exhaust region of the Madison Helicon

Experiment, with ∆V exceeding 100 V when the source is operating in the capacitive mode.

B These potential gradients occur over several hundreds to thousands of Debye lengths, with a

potential drop magnitude ∆V larger than that predicted for ambipolar expansion, for certain

experimental conditions.

B The magnitude of the potential difference is dependent on the coupling mode of the antenna.

⇒ Three modes of coupling are observed in the source; capacitive (E), inductive (H) and

helicon (W) mode.

⇒ The highest potential gradients are observed in the capacitive mode, slightly lower in

the inductive mode and are the lowest in the helicon mode.
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B Plasma potential fluctuations on the RF timescale are observed in the source, with the largest

amplitude fluctuations in the capacitive mode.

⇒ The large fluctuations in the plasma potential are due to the inability of the plasma

to shield out the RF electrostatic antenna fields, with the highest penetration in the

capacitive mode and less so in the inductive and helicon modes.

⇒ The plasma electrons are able to fully follow to these rapid changes in the plasma

potential and associated electric field, while the ions cannot, due to their significantly

longer characteristic time scale compared to the RF period (for the operating conditions

in the capacitive mode). The ions remain near the time-averaged value of the fluctuating

plasma potential.

B The high potential differences observed in our system in the capacitive (E) mode are a

result of a self-bias effect commonly seen in RF capacitive discharges, but not studied or

considered in ion acceleration in expanding helicon sources to date.

⇒ The mobile plasma electrons can easily flow from the upstream region during an RF

cycle, whereas the more massive ions cannot, and there is an imbalance of flux. This

imbalance is short-lived, as the steady-state fluxes of electrons and ions must balance

over an RF cycle (assuming no net current flow). A time-averaged (DC) potential differ-

ence builds to retard electron flux and increase ion flux, and this increase known as the

self-bias voltage.

⇒ The potential difference in the case of ambipolar expansion (and double layer formation)

is directly related to the electron distribution function. However, the self-bias effect

depends only weakly on the electron temperature and is a much stronger function of

the magnitude of the fluctuations. This results in ion acceleration that is not as strongly

dependent on the electron temperature.

B The plasma in the dielectric (insulating) source region self-biases with respect to the down-

stream plasma potential, resulting in a potential difference between the two regions that is

larger than that predicted by ambipolar plasma expansion.
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⇒ The time-averaged plasma potential in the expansion chamber is held at or near the

floating potential in argon (Vp ≈ 5kTe/e) since the chamber walls are grounded. Rela-

tively low RF fluctuations slightly increase the floating potential in the expansion cham-

ber (less than kTe/e).

⇒ The electrons in the upstream region can escape the plasma axially to the downstream

expansion chamber when the time-dependent plasma potential profile permits. A self-

bias voltage develops between the upstream and downstream time-averaged plasma

potentials. The downstream plasma potential acts as the reference point due to its

connection to ground through the chamber walls, and the upstream plasma potential

increases above the downstream plasma potential by the self-bias voltage. The magni-

tude of the self-bias voltage agrees with theory for RF modulated sheaths.

⇒ Grounding the upstream metal endplate (as is the case for much of the experimen-

tal work) increases the electron loss from the source region. As a consequence, the

self-bias voltage increases and a net electron current is drawn through the upstream

endplate, and the ground provides current closure. The self-bias increase and net ion

current happen self-consistently to equalize global net particle fluxes from the plasma

in steady state. A potential gradient larger than predicted by ambipolar expansion is still

observed when the upstream endplate is floated.

B The self-bias effect is most pronounced in the capacitive mode, where the RF plasma poten-

tial fluctuations are most severe. In the inductive and helicon modes, the plasma expansion

more closely follows that of an ambipolar expansion as a result of reduced plasma potential

fluctuations from increased electron density in these modes.

B The plasma is also expanding from the source chamber into the expansion chamber, which

will result in a distributed potential gradient due to ambipolar expansion, in the absence of

any fluctuations in the plasma potential. However, due to the self-bias effect, the magnitude

of the observed potential drop is larger than that predicted by ambipolar expansion. A self-

bias voltage appears if necessary, such that the total potential drop will self-consistently

equalize time-averaged fluxes from the upstream, source region to the expansion chamber



161
(if the upstream endplate is floated) or the total current from the plasma (if the upstream

endplate is grounded).

B Ions are accelerated by the potential gradient between the upstream and downstream re-

gions, and the accelerated population decays due to charge-exchange collisions in the ex-

pansion chamber. After accounting for the radial expansion of the accelerated population,

the calculated mean free path is consistent with that predicted by charge exchange collisions.

B The scaling of the potential drop with argon flow rate, magnetic field and RF power in the

capacitive mode is shown to be controlled by the magnitude of the RF fluctuations in the

source region as the parameters are scanned. A lower electron density leads to increased

penetration of the RF electric fields and therefore a larger self-bias voltage.

B Similar large potential gradients as well as ion acceleration have also been observed in

a mock-up of our experiment installed in a space-simulation chamber by a collaborating

group at Georgia Institute of Technology (Georgia Tech). Accelerated ions persist further

in the experiment at Georgia Tech (up to 1 meter) due to the much larger, lower pressure

(pn < 1 × 10-5 Torr) space chamber.

8.1.1 Implications

The study of potential gradients in similar expanding helicon sources has been an active area

of research as of late, with many researchers ascribing significant potential gradients to the pres-

ence of a double layer in the expansion region (see Section 3.3.6). The present work suggests a

possible mechanism to explain these significant potential gradients in the context of the RF nature

of the source, which has not been considered in most studies.

The current-free acceleration of ions to high energies without the use of grids is attractive for

use in a thruster. The large potential gradients in the capacitive mode could be used as part of a

helicon thruster system, offering a high specific impulse, low thrust mode (capacitive coupling) in

addition to higher thrust, lower specific impulse modes (inductive or helicon wave coupling) [11].

Ion acceleration in a capillary at high pressures (several Torr) using a capacitive discharge has



162
been demonstrated [41], and this mechanism would be an extension of that concept. However,

optimization of the capacitive coupling and determination of the effects of the boundary conditions

would need to be carried out. Because of the RF-timescale fluctuations of the plasma potential, the

natural limit on the magnitude of the potential drop is no longer directly a function of the electron

temperature, as is the case for ambipolar expansion [23] (see Section 3.2) and for current-free

double layers [12] (see Section 3.3).

8.2 Future Work

8.2.1 Optical Emission Spectroscopy

Knowledge of the precise electron energy distribution (EEDF) is crucial to fully understanding

most plasma phenomena. Current-collecting probes offer a seemingly simple method to extract

the EEDF, but in reality the technique is very sensitive to the design of the probe and electronics,

especially when the plasma potential is fluctuating in time, as is the case in our experiment. In

addition, current-collecting probes perturb the plasma since an object must be inserted in the

plasma, which collects current itself but also presents a large metal surface (the probe shaft, often

metal and grounded).

It is possible to extract the electron energy distribution (EEDF), or certain aspects of it, by

observing the optical emission of the plasma using optical emission spectroscopy (OES). A model

based on the relevant atomic physics is developed, and the inputs to the model are adjusted until

the predicted plasma emission matches the observed plasma emission. The model can be as

simple as a line-ratio measurement, where the ratio of two emission lines is correlated to the

electron temperature, assuming a Maxwellian distribution of electrons [111]. On the other hand,

complex models including several emission mechanisms have been developed to fully measure

the EEDF [96]. One of the more appealing aspects of OES is the non-perturbing nature of the

diagnostic, especially in smaller systems where current-collecting probe size is not negligible.

The electron density determines the processes that dominate the thermodynamic equilibrium

of a plasma, and two regimes exist based on the electron density. At low electron densities
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(ne < 1010 cm-3), the populations of excited states is controlled mainly by radiative decay or excita-

tion, since collisional processes are negligible. This is called Coronal Equilibrium. At high densities

(ne > 1018 cm-3), collisional processes control the equilibrium population densities, which is called

Local Thermodynamic Equilibrium. In our system the electron densities lie between these two

extremes, therefore the models used to predict population densities must include the contributions

of both radiative and collisional excitation and decay.

Our group currently uses two collisional-radiative models for comparison to experimental re-

sults [13]. The first, the ADAS CR model, is used to determine the electron temperature Te assum-

ing the electron density ne is known, and examines transitions in singly-ionized argon. This code

uses pre-calculated, tabulated data from a model that solves a set of differential equations relating

the populations of excited states grouped into 35 level parents, or sets of transitions that share

the same electronic configuration. The tabulated data was pre-calculated assuming a Maxwellian

EEDF. The second, the Vlc̆ek CR model, is used to determine the neutral density n0 given a ne and

Te. This code solves a set of 65 differential equations for transitions from four level parents, and

can include non-Maxwellian EEDFs. Both of these codes have been used to measure Te and n0 in

argon plasmas in the helicon mode with densities greater than 1011 cm-3. A absolutely-calibrated

broadband spectrometer is used to measure the excited state population densities, and unknown

variable (Te or n0) is adjusted in either model until the measured population densities match the

calculated population densities.

In principle, the Vlc̆ek model can be used to extract the EEDF, assuming ne, and n0 are known,

since the EEDF could be adjusted until the measured and calculated population densities converge

just as with the electron temperature. In principle, however, the neutral density n0 is not well known

as a function of z, leading to large uncertainties in the calculated EEDF. Work has begun already in

our group to adapt the Vlc̆ek model for this use to examine if the uncertainty in the neutral density

is too large to get meaningful results.

Work by Boffard and Prof. Amy Wendt at UW-Madison [96] using a verified collisional-radiative

model has also shown promising results for measurement of the EEDF in an inductive source.
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8.2.2 Laser Induced Fluorescence

A major component of the research is measuring the ion energy distribution. Retarding po-

tential analyzers have several drawbacks, including perturbation of the plasma and complications

with extracting the true ion energy distribution (in the midst of sheath, grid and geometry effects).

Laser Induced Fluorescence (LIF) offers a non-perturbing way to measure the ion energy distri-

bution without inserting anything into the plasma. MadHeX currently has an LIF setup, but it is

optimized for use in high density (ne ≈ 1012 cm-3) plasmas. Measurements have been carried out

investigating the bulk ion flow speed at higher flow rates and powers, but the system will need to

be modified to operate well at the low electron densities observed in the capacitive mode, roughly

ne ≈ 109 cm-3 - 1010 cm-3.

Using LIF to measure the ion energy distribution in double layers and expanding helicon plas-

mas is a well-studied topic. Work at West Virginia University (Thakur [66] and Scime [65] and refer-

ences therein), working at moderate electron densities (ne ≈ 1011 cm-3) has looked extensively at

the time dependence and parameter (frequency in particular) dependence of accelerated ion pop-

ulations using LIF. However, ion energies encountered in such systems are much lower than those

measured in our experiment, and the self-bias effect has not been explored in those systems. It

would be of great interest to verify the axial dependence of the ion energy non-invasively.

Laser Induced Fluorescence uses a tunable laser to excite an atomic transition and detect

the Doppler shift in the radiation from that transition. The laser is typically modulated and lock-in

amplifiers are used to extract the signal in the presence of very low signal to noise ratios. From the

Doppler shift, the velocity distribution of the ions can be extracted by removing artificial broadening

mechanisms, including natural, Stark and Doppler broadening and Zeeman and hyperfine splitting.

The transition used in our system (in argon) is shown in 8.1.

A newly-acquired Master Oscillator Power Amplifier (MOPA) system has greatly increased the

laser power output and therefore the range of parameters that can be investigated. A MOPA

system consists of two components: a master tuneable diode laser that can output slightly around

20 mW at 668.6 nm is used as a source for a tapered amplifier which boosts the laser output
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power to greater than 600 mW. The full system is shown in Fig. 8.2. A Faraday cage surrounds

the sensitive electronics to mitigate RF interference.

FIGURE 8.2: LIF system diagram.

An iodine cell, fed by a 10% beam splitter, is used to calibrate the wavelength measurement

as the laser wavelength is swept. The current system uses a collimator and optics mounted in a

lens tube affixed externally to the clear Pyrex tube to collect the laser-induced emission. In order
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to make measurements in the expansion chamber, a new optical system will have to be designed

that can be either used inside the expansion chamber (similar to that used in [65]) or that can be

used externally and focused through the viewport on the side of the chamber. Such a design is

shown in Fig. 8.3.

FIGURE 8.3: New optics for LIF system.

FIGURE 8.1: LIF transition of interest.

LIF, while time-consuming, is one of the most accurate

measurements of the ion distribution, and would greatly

improve the accuracy of ion velocity measurements. It

would be used primarily to corroborate simpler diagnostics

such as the RPA or emissive probes. Work is underway

to modify the collection optics to operate at lower argon

flow rates (lower electron densities) where the total optical

emission from laser-excited argon ions is reduced.
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8.2.3 Boundary Conditions

It was observed that the minimum flow rate for observation of the accelerated population in-

creased with operating time. This is likely due to a coating that is formed on the grounded ex-

pansion chamber walls as discussed in Chapters 6 and 7. The Pyrex chamber was replaced in

an attempt to restore the original operation of the source, but had no effect on the lower flow rate

threshold for the observation of an accelerated population, suggesting the ground condition in the

expansion chamber is to blame for the performance degradation. Aanesland [112] showed that

in a helicon source immersed in a vacuum chamber, a sputtered coating of copper in the source

tube resulting from ion bombardment due to the formation of a negative self-bias on the floating

RF antenna adversely affected the operation of a helicon source over time. In order to fully under-

stand the formation of the potential gradient, the effect of the downstream (as well as upstream)

boundary conditions should be further investigated. If the source is to be used in a space environ-

ment, the degradation of performance over time would need to be understood and mitigated. A

thorough cleaning of the grounded walls of the expansion chamber is required to restore the orig-

inal operation of the source. In addition, the very presence of the grounded boundary condition

will also affect the operation of the source. The grounded chamber acts as an electrode and a

“reference” for the plasma in the chamber. Without the ground provided by the chamber, as would

occur under space conditions, the self bias effect may be reduced. In fact, the increasing lower

threshold for observation of an accelerated population with increasing experiment run-time may

support this conclusion. The coating on the walls that has formed may serve to insulate the cham-

ber walls and reduce the effectiveness of the ground presented by the chamber walls, and further

insulation will likely lead to even higher threshold flow rates. In the limit of a complete removal of

the ground, capacitive operation and self-biasing of the upstream plasma may vanish. The effect

of the downstream ground condition needs to be further investigated.

In the present work, the effect of the upstream endplate was only briefly explored. For op-

eration in space, the current-free condition is necessary to avoid charging of the spacecraft and

the resulting limitation of thrust. Further characterization of the operation of the source with a
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zero-net-current condition enforced would be of interest for development of this source for thrust

applications. The helicon system at Georgia Tech includes a fully insulating upstream boundary

condition, since the main goal of the research at Georgia Tech is aimed at understanding the use

of a helicon as a thruster.

8.2.4 Self-Bias Effect

It may be possible to optimize the present system to exploit or eliminate the RF fluctuations of

the plasma potential and self-bias as a result of the capacitive coupling of the antenna. This could

be achieved by adjusting the amount of capacitive coupling to the plasma either with a Faraday

screen and the present antenna or by designing a new or separate antenna that has enhances

capacitive coupling.

As stated by Chabert [33], if the plasma potential fluctuations are comprised of several harmon-

ics, the floating potential discussed in Section 3.1.3 (Eq. 3.13) increases in magnitude by approx-

imately ln[I0(ai )], where ai is the relative contribution of the i th harmonic, assuming all harmonics

are in phase. Any phase difference between the harmonics decreases the relative contribution of

that harmonic. Therefore, it may be possible to increase the self-bias effect if the driving waveform

is non-sinusoidal, for instance a square wave. Chabert [33] examines the increase in self-bias for

a square waveform (compared to a sinusoidal waveform), and the result is shown in Fig. 8.4. The

increase in magnitude of the floating potential, normalized to the electron temperature, is plotted

with respect to the magnitude of the fluctuation (V1 sinωt or V1sgn[sinωt ]), also normalized to the

electron temperature. The increase in floating potential (the self-bias) could lead to larger poten-

tial gradients for a given input power. There is naturally harmonic generation from rectification of

the sinusoidal voltage across the sheaths (this can be seen in the non-sinusoidal or asymmetric

potential fluctuations in Fig. 6.18 for example), but a square wave or other non-sinusoidal driv-

ing voltage may lead to larger contributions of higher harmonics. However, the broad harmonic

content of a square waveform would be difficult to reproduce and amplify unless a broadband RF

amplifier was used.
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FIGURE 8.4: Addition to DC floating potential (eV+/kTe) vs. fluctuation magnitude (eV1/kTe), for
sinusoidal and square fluctuation waveforms.

8.2.5 Georgia Tech

Measurements in the UW helicon mock-up at Georgia Tech in the large space chamber have

shown potential gradients and ion acceleration of similar nature to that in MadHeX. Most work

at Georgia Tech has focused on the installation and measurement of vacuum parameters (no

plasma), including the evolution of the neutral pressure with z, RF metrology for maximum power

transfer to the helicon antenna in vacuum and optimization of the inverted pendulum thrust stand

[113]. The fully insulating source region in the Georgia Tech mock-up enforces current-free op-

eration, and acceleration up to Ei = 160 eV has been observed with accelerated ions persisting

over 1 meter from the source. Further characterization of the source is required, including mea-

surement of the thrust using the thrust stand as well as measurements of the beam divergence,

efficiencies and specific impulse.

Summary

Non-invasive diagnostics, previously used on MadHeX in a higher neutral pressure and RF

power regime, can be adapted for use in the low density, low power plasmas in which high energy

ions are observed. Optical emission spectroscopy (OES) can be used to measure the electron

energy distribution function (EEDF), a key parameter in understanding the acceleration of ions in
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our source, which is difficult to measure by conventional means due to the large fluctuations in the

plasma potential observed in our source. The current Laser Induced Fluorescence (LIF) system,

a very powerful diagnostic for measuring the IEDF, must be modified to operate at the low argon

ion densities observed in our system and new collection optics must be designed for use in the

opaque expansion chamber.
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