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Abstract

Understanding the transition region between fully ionized and neutrally dominated plas-

mas is important to the study of the magnetosphere of the earth, the corona/chromosphere

transition regions of the sun, and detached divertors in fusion devices. Regions with partial

ionization are typically low temperature plasmas, for which there is a lack of spectroscopic

tools generalizable to a wide variety of plasma parameters and sizes. This work presents

an Argon spectroscopic neutral density diagnostic that relies on atomic modeling. Argon

is used due to its prevalence in Low Temperature Plasma environments. This work also

investigates the role of time dependent metastable states in atomic modeling. The Compact

Toroidal Hybrid (CTH) device at Auburn University is used as a testbed for the neutral

density diagnostic, both in benchmarking and use. For this work the CTH device operates

at an electron temperature of 1-10 eV and 1 � 1010 to 1 � 1012 cm�3. The ALEXIS device

at Auburn University is used to investigate the role of time dependent metastable states in

atomic modeling. In this project, the ALEXIS device operates at an electron temperature of

1-10 eV and 1�109 to 1�1010 cm�3. The assumptions in the neutral Ar collisional-radiative

modeling for CTH and ALEXIS are confirmed using spectroscopic observations. The neu-

tral argon density diagnostic on CTH is benchmarked across a range of plasma parameters.

The neutral density diagnostic on CTH is then used to measure the plasma resistivity. The

neutral density diagnostic, and the approach to dealing with metastable states, is expected

to make the diagnostic applicable to a range of low temperature plasma devices. Results

will be shown from using the neutral diagnostic on CTH to measure resistivity.
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Chapter 1

Introduction

1.1 Motivation

This work concentrates on improving the understanding and diagnosis of partially ion-

ized Argon plasmas. Such plasmas are present in a wide range of environments. Neutral gas

is central to the operation of detached divertors on fusion devices [1]. Detached divertors

use neutral gas to slow or stop the �ow of plasma to the wall at particular positions in fusion

devices. These divertors require a careful balance of injected gas. Too much gas can result in

gas in the main body of the plasma. Too little gas can result in plasma hitting and damaging

wall components. A neutral density diagnostic is crucial to the careful implementation of

this divertor. In addition, certain plasma properties depend on neutral density. Cowling re-

sistivity is dependent on neutral density [2]. Neutrals can impact Alfén wave frequencies and

cause damping [3]. Charged particles tend to follow �eld lines but neutral particles do not.

The presence of neutrals in plasmas change the dynamics of those plasmas, but a reliable

neutral density diagnostic is required to study this. Finally, neutral density is critical in the

study of Low Temperature Plasmas (LTPs) which are typically neutral dominated. These

types of plasmas are common in industry, medical environments, food science, and space.

Within industry environments plasmas are used in the production of electronics [4]. Within

medical environments plasmas are used to sterilize wounds [5]. Plasmas are used within food

science for sterilization [6], improving crop yields [6], and food preservation [6].

Pressure sensors are relied upon to measure neutral density throughPV = NRT , but

this has a few drawbacks. First, pressure is not a reliable measurement of neutral density in

plasmas with a high fractional ionization. Pressure measurements are typically taken at the

edge of a chamber. If the center of a chamber has a signi�cantly di�erent neutral density
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from the edge, a pressure measurement will not prove a reliable measurement. Second,

most pressure sensors can either measure in high magnetic �elds or extremely low vacuum

environments. Penning gauges span the regime between the high magnetic �eld and low

vacuum environment, and a Penning Gauge was demonstrated by Kremeyer et al. [7] that

utilizes the magnetic �eld within the chamber. This raises a new challenge: this gauge must

be perfectly aligned with the magnetic �eld in the vacuum vessel.

Spectroscopy has emerged as a promising diagnostic for neutral density [8]. Spectro-

scopic diagnostics for neutral density are non-invasive but rely on information about the

electron temperature and density of the plasma. This information is most readily obtained

from a probe, itself an invasive diagnostic [9, 10].

Various optical diagnostic techniques are widely used in diagnosing Argon plasmas.

Line ratio diagnostics are used in measuring electron temperature and density [11, 12, 13].

Optical emission spectroscopy is also used in estimating gas temperature [12, 14]. However,

the population of Argon metastable states plays a crucial role in the atomic physics that

makes optical emission spectroscopy possible [15].

The work presented in this thesis complements existing neutral density diagnostics by

providing improved portability and reliability compared to others. A spectroscopic diagnostic

at visible wavelengths uses equipment that is relatively portable. The multiple wavelengths

used in this work increase the reliability.

This diagnostic improves upon one developed by Sciamma et al. [8] through increased

spectral resolution, improved atomic rate calculations [16], and improved reliability. An-

other diagnostic that uses similar principles, the Lyman-Alpha Measurement Apparatus

(LLAMA), has been implemented on the DIII-D experiment to measure Deuterium neutral

density [17, 18] using the Ly-� line. Another mechanism involves laser induced �uores-

cence, an example of which has been implemented on the helicity injected torus (HIT-SI3)

in Deuterium [19] and Helium [20]. Both the LLAMA system and systems involving LIF use

a limited number of wavelengths to calculate the neutral density. This leads to increased
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uncertainty. The diagnostic presented within the scope of this thesis adds certainty to the

neutral result through the use of multiple wavelengths.

Spectroscopy is commonly used to

1.2 Overview of this thesis

This thesis has two main focuses. First, the development and testing of a spectroscopic

neutral density diagnostic, described in Section 2.3, and second the impact of time-dependent

metastables on the atomic model of the plasma, described in Section 3.6. These are closely

related, as accurate atomic modeling is crucial in the diagnostic.

The neutral density diagnostic is theoretically generalizable to various plasma geometries

and gases, provided the ability to model the atomic characteristics of the plasma. Atomic

modeling of the plasma relies on the existence of atomic rate coe�cients, described in Section

3.3. Furthermore, atomic modeling of the plasma relies on characterization of metastable

populations: many Low Temperature Plasma environments require time-dependent modeling

of the atomic metastable states as a part of any spectral diagnostic [21, 22]. The role of the

time dependence of metastable states in the plasma and associated spectral modeling will

be described in Section 4.6.1.

Chapter 2 will lay out the experimental platforms on which the neutral density diag-

nostic has been tested: the Compact Toroidal Hybrid (CTH) [23] and the Auburn Linear

EXperiment for Instability Studies (ALEXIS) [16]. CTH is an ideal platform for the imple-

mentation of the neutral density diagnostic as it is able to achieve a wide range of fractional

ionizations, de�ned as ne
ne+ nn

in plasmas with only a single degree of ionization. CTH is typ-

ically used to study high temperature (>100 eV) plasmas, but the work performed for this

thesis shows its value in studying low temperature (<10 eV) plasmas. By contrast, ALEXIS

is an ideal platform for the study of time-dependent metastable states as the vacuum vessel

size limits the population achievable by metastable states. The diagnostics used on each
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platform will be discussed in Sections 2.6 and 2.25 for the CTH and ALEXIS experiments

respectively.

Chapter 3 will describe in depth the atomic physics required for the diagnostics being

developed in this dissertation. In particular, angular momentum coupling will be discussed

along with atomic level labeling in general in Section 3.4. Metastables will be de�ned and

discussed. Collisional Radiative Modeling is used for the atomic modeling in this dissertation,

and the theory will be outlined in Section 4.6.1. A discussion of optical thickness follows in

Sections 3.3 and 3.4 for CTH and ALEXIS respectively, and it will be shown that none of

the plasmas involved in this work are optically thick. Two atomic datasets were used in this

work: one for Ar I and one for Ar II. This dissertation primarily focuses on the modeling of

Ar I, although spectral lines are observed for Ar I and Ar II. Ar I atomic data shows good

agreement to measured spectral line ratios (Fig. 4.23) as well as other benchmarks. The

available Ar II atomic dataset does not accurately model the observed CTH spectra, and

the reasons for this discrepancy will be discussed in Section 3.8. This investigation led to

collaborators initiating a project to recalculate Ar II atomic data.

Chapter 3 will also present an investigation of spectroscopic electron temperature and

density diagnostics based on line ratios. The neutral density diagnostic does not require

spectroscopic electron density or temperature diagnostics due to existing Langmuir probe

measurements. Nevertheless, it has proven useful to explore whether any line ratios observed

had the potential to a provide such a diagnostic within the electron temperature and density

parameter space available. None of the lines observed can be used to produce a diagnostic

of Te or ne with su�cient accuracy.

The main results of the neutral density diagnostics that are developed in this dissertation

are presented in Chapter 4. This required combining the absolute intensity calibration of

the spectrometer described in Section 2.3.1 with the atomic data described in Chapter 3 to

implement on the ALEXIS and CTH experiments. The ALEXIS and CTH plasmas studied

in this dissertation represent very di�erent Low Temperature Plasma environments, and
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characteristic plasma parameters will be described for each experimental device, including

fundamental plasma parameters. The devices have similar electron temperature regimes,

both ranging from 2 eV to 10 eV, but ALEXIS operates at a signi�cantly lower electron

density and higher neutral density than CTH. The pro�les of each device are discussed.

The use of the Ar I atomic data �le is justi�ed. The CTH device has a relatively �at

pro�le in both electron temperature and electron density. The ALEXIS pro�le is �at in

electron temperature but shows a signi�cant slope in electron density. The importance

of time-dependent metastable states in the modeling of ALEXIS is discussed. The CTH

experiments are at higher electron densities and longer particle con�nement times, so they

allow the diagnostic to be tested for the case where the neutral Ar metastables have reached

a steady-state condition. By contrast, the ALEXIS experiments allow the role of time-

dependence on the atomic populations to be investigated. The validity of the neutral density

diagnostic on each device will be described. A comparison between a synthetic spectrum

and an experimental spectrum suggests that the atomic model is a good representation of

the plasma. This is further supported by a small range of calculated neutral densities based

on the available ranges. The electron density shows an expected increase with an increase

in power, and the neutral density shows a corresponding decrease with an increase in power.

Finally the neutral density is implemented for Ohmic plasmas on CTH. A combination of

Ohm's law, neutral density, electron density, and electron temperature are used to model the

resistivity of CTH ohmic plasmas. Resistivity values for plasmas that are estimated from

Least-Squares �tting are shown to be similar to calculated resistivity values.
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Chapter 2

Experimental platforms for the study of Argon plasmas

2.1 The use of magnetic �elds to con�ne plasmas

Magnetic �elds are a common mechanism for plasma con�nement. A charged particle

of chargeq with a non-zero velocity~v in the presence of a magnetic �eld~B experiences the

Lorentz forceF :

~F = q~v� ~B: (2.1)

A charged particle of massm with a non-zero velocity in a magnetic �eld will be pulled

towards the corresponding magnetic �eld line. This results in gyro motion around the �eld

line with a frequency! :

! =
jqjB
m

: (2.2)

Particles within a straight cylinder with an axial magnetic �eld are radially but not

axially con�ned. A toroidal shape creates axial con�nement but also a radial gradient in

~B. This gradient results in charge separation and an~E �eld. This ~E �eld leads to a radial

perpendicular ~E � ~B drift. This charge separation and resulting perpendicular~E � ~B drift

can be mitigated through the addition of a poloidal �eld which combines with the toroidal

�eld to create a helical �eld. The helical �eld does not eliminate the drift. Rather, the

direction of the drift changes with the magnetic �eld and cancels out.
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Figure 2.1: A representation of the coordinate system used for this thesis to represent the
geometry of a torus. The toroidal direction is shown by� . The poloidal direction is shown
by � . Also shown is the toroidal coordinate system used here. [24]

Fig. 2.1 shows the coordinate system used to described a torus. The vertical displace-

ment from the midplane is described by Z. The major radius, the distance from the center

of the full torus, is described by R. The minor radius, the distance from the center of the

vacuum chamber, is described by r. The center of the plasma chamber isR0, r=0. The

outer edge of the torus is� = 0 and increases to�= 2 on the top of the torus. The coordinate

� increases counterclockwise around the chamber as seen from the top. The relationship

between machine coordinates (R0; r � ) and cylindrical coordinates (R; z � ) is described by:

R = R0 + r cos(� );

z = r sin(� );

� = �:

(2.3)

Magnetic surfaces are created by helical magnetic �eld lines and fall into two categories:

rational and irrational [25]. A rational surface is created by a �eld line making a number of

rotations around the chamber and returning to its original location. An irrational surface is
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created by a �eld line coming arbitrarily close to its original location but never the precise

point, and in the process ergodically mapping out a surface. A stochastic or chaotic struc-

ture can �ll a volume [25]. Rational and irrational surfaces produce nested magnetic �ux

surfaces, which result in con�nement. The helicity of the magnetic �elds is represented by

the rotational transform [26, 25]:

�- =
�

2�

� =
d' p

d' t
;

(2.4)

whered� p refers to the poloidal �ux and d� t refers to the toroidal �ux.

Poloidal �ux is:

' p =
Z

~B � ~A � : (2.5)

where ~A � is the poloidal cross sectional area. Toroidal �ux is:

' t =
Z

~B � ~A � : (2.6)

where ~A � is the toroidal cross sectional area.

In the case of rational surfaces, the number of poloidal turns (n) and the number of

toroidal turns (m) can be represented as:

�- =
n
m

: (2.7)

A �nal coordinate system is used to reduce the three-dimensional cylindrical plasma to

one-dimension: the �ux coordinate systems. This works on the principle that the electron

temperature and electron density of charged particles tend to be constant on �ux surfaces,

justi�ed in Table 4.1. The �ux surface coordinate system is simply the toroidal �ux at the

�ux surface of interest normalized to the toroidal �ux at the last closed �ux surface.
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Two plasma devices are used for this work. The Compact Toroidal Hybrid (CTH)

experiment is a torsatron with a major radiusR0 = 75 cm and a minor radiusavessel = 29 cm

[23]. The Auburn Linear EXperiment for Instability Studies (ALEXIS) is a cylindrical device

of radius 5 cm and length 1.2 m. An axial magnetic �eld radially con�nes charged particles.

This device lacks axial con�nement for charged particles. In addition, the small radius results

in neutral particles collisions with the wall after approximately 5 ms. The details of how this

can be calculated for ALEXIS are shown in Section 4.6.3.

One focus of this thesis concerns the importance of modeling the spectral emission of

neutral Argon time-dependently. The key factor is that the population of the neutral Argon

bound electrons that are in excited states increases over time as the atoms remain in the

bulk plasma, but a collision with a wall returns them to the ground state. The contrast

between these two experiments provides an opportunity for this investigation. Owing to

the size and plasma parameters, Argon neutral metastable states (highly populated excited

states that are described in Section 4.6.1 on CTH are best modeled as being in steady-state

along with the ground population. By contrast, Argon neutral metastables on ALEXIS are

best modeled time-dependently. This is further discussed in Section 4.6.1.
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Parameter De�nition CTH Value ALEXIS value

ne electron density (cm� 3) 1 � 1010 to 1 � 1012 1 � 108 to 1 � 1010

Te electron temperature (eV) 1 - 10 1 - 10

� Fractional ionization (%) 0.01-99 1 � 10� 4

I p plasma current (kA) 0.5 -

a plasma minor radius (cm) 19 3.5

r chamber minor radius (cm) 29 5

R0 CTH major radius (cm) 75 -

L ALEXIS chamber length (cm) - 120

< jB j > magnetic �eld strength (T) 0.6 0.05

P Pressure (mTorr) 5 � 10� 11 0.5

Plasma lifetime (ms) 100 Steady state

Table 2.1: A brief summary of plasma parameters used in the experiments for this disser-
tation, comparing CTH and ALEXIS. Descriptions of each device follow. A more complete
summary of CTH plasma parameters can be found in Table 4.1, and a more complete sum-
mary of ALEXIS plasma parameters can be found in Table 4.2. Note that in some cases,
such as the electron density of CTH, actual values sweep multiple orders of magnitude.

Table 2.1 shows the parameter space in which each device operates. While CTH is

capable of operating in a higher temperature regime, as high as 200 eV [24], this thesis

operates both CTH and ALEXIS in the same temperature regime of 1 to 10 eV. CTH is

larger than ALEXIS and operates at a higher electron density and �eld strength. ALEXIS

operates at a higher neutral pressure than CTH.
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2.2 The Compact Toroidal Hybrid experiment

(a) Tokamak (b) 10 �eld period stellarator

Figure 2.2: Last closed �ux surfaces of an axisymmetric tokamak and a 10 �eld period
stellarator. Colors correspond to �eld strength, where red is the strongest and blue is the
weakest [27].

CTH is a stellarator/tokamak hybrid. The tokamak obtains closed magnetic �ux sur-

faces through the use of current driven inductively by a central solenoid. A stellarator by

contrast obtains closed magnetic �ux surfaces through the use of external magnetic coils.

In the case of CTH these �eld coils are helical. Plasma breakdown and heating primarily

comes from Electron Cyclotron Resonance Heating (ECRH) through 17.65 GHz and 18 GHz

klystrons.
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2.2.1 Magnetic Field Con�guration

Figure 2.3: Magnetic �eld coils used for con�nement

Fig. 2.3 shows the available coils:

ˆ Ten Toroidal Field (TF) coils, shown in yellow, are used to create a toroidal �eld.

ˆ Two Main Vertical Field (MVF) coils, upper and lower winding packs, are shown in

red and are connected in series with the Helical Field (HF) coil. These are the primary

source of poloidal �eld and result in closed �ux surfaces.

ˆ Two Trim Vertical Field (TVF) coils, also upper and lower, are used to adjust the

horizontal position of the �ux surfaces.

ˆ Vertical positioning is provided by Radial Field (RF) coils.
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ˆ A Shaping Vertical Field (SVF) coil set shown in purple provides a quadropole �eld.

This can adjust the elongation of the plasma. This coil set is not used for these

experiments.

ˆ A Radial Field (RF) coil set is shown in blue. It is available to vertically adjust the

plasma.

ˆ An Ohmic Heating (OH) coil shown in teal in the center drives toroidal current in

the plasma. This is a source of heating as well as poloidal �eld. This is used in this

thesis to a limited degree: this thesis uses up to 0.5 kA, as opposed to the >50 kA

available[24].

Figure 2.4: An example of nested �ux surfaces. Color represents magnetic �eld strength:
red is the strongest �eld and blue is the weakest �eld. Select magnetic �eld lines are shown
in white. [28]

Flux surface (s) is a natural radial measurement unit for toroidal devices as charged

particles tend to follow �eld lines. Fig. 4.3 shows estimated transport times perpendicular

and parallel to magnetic �eld lines. Transport perpendicular to magnetic �eld lines is driven

by collisions with neutrals, and thus neutral density. Electrons tend to travel around CTH in

approximately 10� 5 s, whereas the time for electrons to hit the wall ranges from103 to 107 s.

The di�erence is less extreme for ions. Ions travel one rotation around CTH in approximately

10� 3 s and across CTH in10� 2 to 104 s. These values are demonstrated in Fig. 4.3. The

result of these stark di�erences is that electron temperature and density tends to be constant

on �ux surfaces. As a result, �ux surfaces are a natural unit of measurement on toroidal
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devices as they allow a conversion from a 3-D coordinate system (Z , R, and � ) to a 1-D

coordinate system (s).

Figure 2.5: Rotational transform vs. �ux surface (s) for low, medium, and high vacuum
transforms.

The �ux surface coordinate system de�ness = 1 at the last closed �ux surface. Fig.

2.5 shows the radial rotational transform vs. �ux surface for three separate magnetic �eld

con�gurations that are used in this work.

CTH is an ideal testbed for the spectroscopic neutral density diagnostic as it has access

to a broader range of neutral densities and fractional ionizations than other devices. Glow

discharge plasmas are low density (108 � 109 cm� 3) with small fractional ionizations (10� 6 �

10� 7). Fusion relevant plasmas are typically high to fully ionized with a correspondingly

high fractional ionization. By contrast, CTH is able to span the full range from low to high

fractionally ionized. Furthermore, plasmas can be created through ECRH alone or through

ECRH coupled with OH. This further widens the regime of plasma parameters that can be

investigated and allows resistivity e�ects to be investigated. These e�ects are explored in

Section 4.8. Finally, CTH is able to decouple plasma creation from plasma con�nement.

Where other experiments see their plasmas grow in size with an increase in electron density,

CTH plasma are su�ciently well con�ned that the size of the plasma remains unchanged
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with electron density. This can be observed in Fig. 4.4 which compares two plasmas with

di�erent electron densities.

A limitation for CTH as a testbed for the neutral density diagnostic lies in the di�culty

in benchmarking this diagnostic on CTH. The �rst problem arises in �nding an appropriate

pressure gauge. Existing pressure gauges on CTH cannot be used simultaneously with a

plasma because the strong magnetic �elds on CTH would be damaging. Many pressure

gauges that function reliably in such high magnetic �eld do not work at the pressures on

CTH. Second, a plasma with a high degree of fractional ionization has a lower neutral density

at the center of the plasma than at the edge, where a pressure gauge would naturally measure.

While this is also a possible drawback to a line-integrated spectroscopic diagnostic, the

electron density radial pro�le, shown in Section 4.5.1.1, is fairly �at throughout the plasma

and falls o� quickly close to the edge. Most of the light that enters the spectrometer comes

from the region of the plasma with the �at electron density. As a result, the spectrometer

will measure the neutral density closer in a region of the plasma with roughly constant

plasma parameters. The neutral density diagnostic was benchmarked on CTH by changing

the amount of input power while keeping the amount of input gas constant. The observed

electron density increased with an increase in power while the observed neutral density

decreased with an increase in power by a similar amount. These results are presented in

Section 4.7.2.
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2.2.2 Diagnostics

Figure 2.6: Toroidal location of CTH diagnostics

A range of plasma diagnostics are used on CTH for this work. Three diagnostics play

a crucial role in the atomic modeling necessary for the neutral density diagnostic. Their

toroidal locations are shown in Fig. 2.6. First is a three channel millimeter wave interfer-

ometer used to measure horizontal line integrated electron density. It is located at� = 108�

and takes horizontal measurements at the midplane, 7 cm above the midplane, and 14 cm

above the midplane. Secondly, a triple tipped Langmuir probe is located at� = 72� and

R = 0:71 m. This measures local electron temperature and electron density. It is vertically

scannable from a top port and can be moved between plasma discharges to take a radial

scan of electron temperature and density. Thirdly, a spectrometer was used exclusively to

measure neutral density. An attempt was made to �nd line ratios that could be used to

measure electron temperature or density, but none were found. A discussion of this can be

found in Section 3.9.

Additional diagnostics are present on CTH, including but not limited to diagnostics to

measure toroidal loop voltage, poloidal plasma current, magnetic �elds, and coil currents.

The toroidal loop voltage and the poloidal plasma current are relevant in Ohmic plasmas, and
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are used in this work to estimate the resistivity caused by Coulomb collisions and electron-

neutral collisions. A discussion of that investigation is in Section 4.8. The magnetic �elds

and coil currents are used in reconstructions of the plasma which are used to estimate radial

electron density from line integrated interferometer signal. A discussion of that work is in

Section 4.5.1.2.
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(a) Paths for interferometer chords. Central chord also rep-
resents spectrometer. Interferometer and spectrometer are
located at separate toroidal locations but identical �eld pe-
riods.

(b) Triple probe measurement locations. Triple probe can
be moved between discharges to obtain local measurements
ranging from the center of the chamber to the edge.

Figure 2.7: Both �gures show chamber cross-sections. Fig. 2.7a shows the cross section at
the locations of the interferometer and spectrometer. The dotted red line shows the region
which is measured by both: both are line integrated measurements through the center. Fig.
2.7b shows the cross section at the measurement locations of the triple probe. The triple
probe, in contrast to the interferometer and spectrometer, makes a local measurement of
the plasma and the probe must be moved between plasma discharges. The magnetic �eld
strength is shown in color. The chamber itself is shown as a large black circle, and closed
�ux surfaces are shown as smaller black ovals. Note that plasma exists outside of the colored
region shown due to the ine�ectiveness of limiters with little or no current.
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A comparison is performed between the horizontal, line integrated electron density

measurement performed by the interferometer and the local measurements performed by

the triple using a tool V3FIT. V3FIT is a code for equilibrium reconstruction of three-

dimensional plasmas [29]. For this work it is used to reconstruct the interferometer data

and estimate local electron density values which can then be compared to those of the triple

probe, a process which is described in Section 4.5.1.2. The plasma lasts approximately

100 ms with a 5 minute rest between. The triple probe is moved vertically between plasmas

to obtain a vertical pro�le of electron temperature and density values from the center of the

chamber (and ideally the plasma center) to the edge. The triple probe shows a non-zero

value of electron density past the last closed �ux surface. When CTH operates with a high

current, limiters at the edge of the plasma limit the size of the plasma by stopping electrons.

These limiters are less e�ective with little or no current, and so the plasma is able to extend

past the �ux surface that would otherwise be de�ned as the last closed �ux surface.

The plasma cross sections for the interferometer and triple probe in Fig. 2.7 di�er in both

shape and magnetic �eld values owing to di�erent �eld period locations: the interferometer

and spectrometer are both at half �eld periods, whereas the triple probe is at a full �eld

period. This simpli�es comparison between interferometer and spectrometer values: both

diagnostics are line-integrated measurements for which the length must be taken into account,

but the plasma can be assumed to have the same length. Uniformity in electron temperature

and density on �ux surfaces allows for a comparison between triple probe and interferometer

data despite their di�ering �eld periods.

Uncertainties used for the triple probe and interferometer are 25%. Uncertainty used

for the neutral density is the standard deviation across the wavelengths chosen, under 20%

for 93% of the frames available. This is discussed in more detail in Section 2.6.

2.2.2.1 Triple Probe

The current �owing through any biased Langmuir probe tipI j can be expressed as[30]:
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I j = I e exp[
e

kB Te
(Vj � Vp)] � I sat ; (2.8)

where I e is the current from the electrons,I sat is the ion saturation current, kB is the

Boltzmann constant andTe the electron temperature,Vj is the probe tip potential and Vp

the plasma potential.

Our triple probe is comprised of three Langmuir probe tips. Tip 2 is �oating (V2 = Vf ):

there is no current �owing through it, so I 2 = 0:

I e exp(
e

kB Te
(Vf � Vp)) = I sat

I e exp(�
e

kB Te
Vp) = I sat exp(�

e
kB Te

Vf ):
(2.9)

Probe tips 1 and 3 have a �xed potential applied between them, such that probe tip 1

is biased positively with respect to probe tip 3. As a result, probe tip 1 draws an electron

current (-I ), but the bias between them means that tip 3 must draw an identical ion current,

described asI sat : I 1 = I 3 = I sat . The bias between them must be high enough to force

probe tip 3 to draw an ion current I sat . Probe tip 1 has a potential of� 1 and probe tip 3 a

potential of � 3, so:

I 1 = I sat = I e exp[
e

kB Te
(V1 � Vp)] � I sat : (2.10)

Rearrange:

I 1 = I sat = I e exp(
e

kB Te
V1) � exp(�

e
kB Te

Vp) � I sat

= exp(
e

kB Te
V1) � I e exp(�

e
kB Te

Vp) � I sat

Combine with Eq. 2.9:

= exp(
e

kB Te
V1) � I e exp(�

e
kB Te

Vp) � I sat

= exp(
e

kB Te
V1) � I sat exp(�

e
kB Te

Vf ) � I sat

I 1 = I sat = I sat exp[
e

kB Te
(V1 � Vf )] � I sat :
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This can be rearranged to show:
kB Te

e
=

V1 � Vf

ln(2)
: (2.11)

Eq. 2.11 shows how the temperature can be extracted from triple probe measurements. This

expression is only valid when the bias voltage between probes 1 and 3 is su�cient to draw

ion current. A series of experiments was conducted for the plasma parameters presented in

this thesis in which the bias voltage was changed for a series of unchanging plasmas and the

ion saturation current measured. A bias voltage of 200 V was chosen.

In deriving the electron density, we start with the ion saturation current[4]:

I sat = nseA

r
kB Te

M i
; (2.12)

wherens is the Bohm sheath density,e is the electron density,M i is the ion mass, and

A is the exposed surface area of the probe tip. A description of the calculation of the probe

surface area is below.

Assuming Maxwellian electrons the electron density is related to the sheath density by

the following:

ns � ne exp(� 1=2): (2.13)

Eq. 2.12 and 2.13 can be combined to equate the ion saturation current to the electron

density.

I sat = neeA
p

kB Te=Mi exp(� 1=2): (2.14)

Electron density can be estimated from this:

ne =
I sat

eA

r
M i

kB Te
exp(

1
2

): (2.15)
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Eq. 2.15 is comprised of values that are physical constants, values that are estimated from

probe theory, and values that are estimated experimentally. The ion saturation currentI sat

and the electron temperatureTe are both estimated from probe theory. The ion saturation

current is measured by the circuit itself, whereas the electron temperature is calculated

through Eq. 2.11. The electron chargee, the ion massM i , and the Boltzmann constantkB

are physical constants.

The exposed surface area of the probe,A, is the only term that is measured. The

exposed surface area of the probe is calculated as (1
2 (cylinder area + tip area)) = 1

2(2 � � �

r � h + � � r 2). The radius of each tip is estimated to be 0.6477 mm and the length of each

tip is estimated to be 3 mm for a �nal value of1:35 � 10� 5 m� 2. A vernier caliper is used

for both measurements. The factor of12 comes from the di�erence between the projected

area and the physical area: the presence of the magnetic �eld limits the possible direction

of the electrons. Further uncertainty arises from the fact that the Bohm sheath should be

considered in the collection area, posing a problem as the Debye length for the plasmas

represented here ranges from to 0.007 mm (for a 10 eV,1 � 109 cm� 3 plasma) to 0.7 mm (for

a 1 eV, 1 � 102 cm� 3 plasma). The lowest Debye lengths do not contribute to the probe

radius. The highest Debye lengths are comparable with the probe radius and would change

the collection area. As a result of these two issues, the electron density presented through

most of this thesis is obtained from the interferometer rather than the triple probe. The

exception to this is the measurement of the vertical density pro�le.

Figure 2.8: Full triple probe before upgrade.
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CTH had a triple probe installed prior to this work with a design described above, but

it required an upgrade. The original design involved a 4-bore piece of alumina ceramic with

tungsten wire in three of the bores. The tungsten wire extended approximately 3 mm at the

end. The alumina was held to the outer structure using an aluminum collar in conjunction

with a set screw. The full setup can be seen in Fig. 2.8. Tungsten sputtering would deposit

from the wires onto the tip of the alumina, creating a short between the three wires. A more

permanent solution was found by redesigning the collar that already existed in the triple

probe design: the new collar holds three alumina ceramic pieces separately rather than one

alumina piece with three separate tungsten wires.

Figure 2.9: Rendering of the updated collar that simultaneously holds and separates the
alumina tubing.

Fig. 2.9 shows the replacement collar that holds the ceramic tubing. Tubing �ts through

holes vertically through the collar. This tubing is then held in place with set screws shown

on the top of the piece.
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Figure 2.10: Probe tips after updated collar was implemented. The thinner portion of the
collar is used to attach the part to an outer portion, as can be seen in Fig. 2.8.

Fig. 2.10 shows a picture of the probe tips once the new collar was implemented. This

new collar was successful in solving the problem of shorting. The only drawback of this new

triple probe design is an increase in the probe tip separation: the tips are now 5 mm apart,

which limits the spatial resolution of the probe. This is not a concern on CTH due to the

size and uniformity of the plasma.

2.2.2.2 Spectrometer

A portable spectrometer is implemented on both CTH and ALEXIS which measures

Argon emission lines that are used to estimate neutral density.

Figure 2.11: Optical setup used to calibrate spectrometer and to use the spectrometer to
take plasma data. "Light" is a stand-in for either the calibration sphere or the plasma.

The spectrometer is a Princeton Instruments HRS-500 spectrometer used in conjunction

with a PIXIS camera. A laptop with the Princeton Instruments software Light�eld is used to
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control the spectrometer and the camera. Data is stored in both the Light�eld proprietary

software and csv format along with the frame number, frame start time to microsecond

accuracy, frame end time to microsecond accuracy, wavelenth, and intensity.

The di�raction grating used has a groove density of 600 g/mm. While centered at

735 nm the resolution is 0.12 nm and the wavelength window is 83 nm. Both the resolution

and wavelength window will change slightly depending on the central wavelength. The �ber

optic cable used on CTH does not transmit light below 350 nm. The wavelength windows

used on CTH for the data in this thesis are approximately 400 nm to 480 nm and 695 nm to

775 nm. The wavelength windows used on ALEXIS for this thesis are approximately 660 nm

to 860 nm.

Figure 2.12: Labsphere integrating sphere.

For the neutral density diagnostic, it is important that an intensity calibration be per-

formed on the spectrometer. For this purpose we purchased an integrating sphere. Fig.

2.11 shows the optical setup used to absolutely calibrate the spectrometer as well as make

measurements of the plasma. Fig. 2.12 a Labsphere integrating sphere with a known radi-

ance is used to absolutely calibrate the spectrometer. The integrating sphere has a 6 inch

spectra�ect coated inner diameter with a 2.5 inch exit port. A port reducer limits the exit

port diameter to be 2 inches. The top port has a silicon detector used to measure total
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light levels and account for a decrease in light levels over the lifetime of the sphere. As the

integrating sphere is used, the light levels drop over time. All wavelengths are predicted to

drop at similar rates, and so the calibration can be updated accordingly. The light levels did

not drop su�ciently during this thesis work to require this adjustment. The light source for

the sphere is a 20 Watt tungsten halogen lamp. The system is calibrated from 350 nm to

2400 nm with a relative uncertainty of 1.1% in the wavelength regime of interest.

2.3 Spectrometer absolute calibration procedure and use of the calibration in

the measurement of neutral density

It is important to note that "ground state density of Argon I" and "neutral density" are

used interchangeably throughout this thesis. While the neutral density is the density of all

populations of Argon I combined, including ground state, metastable, and all excited states,

only including the density of the ground state is a reasonable approximation. The next

most populated state is the �rst excited state, a metastable, which will have a population

at most of 1% of the population of the ground state for the plasma electron densities and

temperatures used in this thesis.

The spectrometer is used to estimate neutral density in the following three-step process.

1. Use the spectral line intensity from an absolutely calibrated spectrometer to estimate

the population of Argon atoms in a particular excited state.

2. Use a Collisional Radiative Model (CRM) solver, detailed in Section 3.3 to estimate

the ratio of Argon atoms in that excited state to the population in ground.

3. Combine steps 1 and 2 to estimate the neutral density of Argon.

The spectrometer must be absolutely calibrated in order to be used to measure the

population of excited state Argon atoms. This was done using a Labsphere Integrating

Sphere.
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