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ABSTRACT

Helicon plasmas are high density, low temperature plasmas with applications in particle ac-
celerators [1], space thrusters [2], and current drive in tokamaks [3]. While efficient ion produc-
tion is often the chief interest in helicon plasmas, no theory explaining the mechanism behind
the high ionization efficiency has been demonstrated through consistent measurement. Particle
balance, power balance, and radio frequency (RF) wave coupling all play a role in determining
the ionization rate and source distribution. In this work, significant upgrades and diagnostic im-
provements on the MARIA helicon device in the 3D Plasma Surface Interaction laboratory are
presented. Laser induced fluorescence (LIF) measurements are calibrated against an RF compen-
sated Langmuir probe to produce particle flux measurements at several magnetic field strengths
and axial positions. Under the assumption that parallel transport is dominant, one dimensional
mass and momentum conservation arguments are used to measure the distribution and magnetic

35! Axial and radial

field strength scaling of an ionization source in the range of 8 x 10?° m~
LIF measurements of neutral argon reveal a region of high recycling near an on axis boundary
plate, and a 90% depletion of neutral particles near the helicon antenna. Measurements of radial
ion losses and neutral source terms are also measured and presented. By identifying both particle
sources and sinks, an understanding of the circular refueling process by recycling neutrals begins
to form. Additionally a new collisional radiative model developed in collaboration with Auburn
University is presented. Comparisons between solutions to the collisional radiative model and

experimental results provided valuable insight into the behavior of atomic population processes

occurring in MARIA plasmas. Additionally, the collisional radiative model is used in concert with
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line ratio spectroscopy to establish a new passive diagnostic for neutral dominated argon plasmas.
Agreement with Langmuir probe electron temperature measurements is currently achievable, but

additional work is needed to improve the extraction of electron density.
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Chapter 1

Introduction

High density plasmas that operate with high efficiency are an asset to advancing plasma science
and technology. One application for high density plasmas in particular is in the development of
plasma wakefield particle accelerators. The Advanced Proton Driven Plasma Wakefield Accelera-
tion Experiement (AWAKE) project at the European Organization for Nuclear Research (CERN)
is actively developing a helicon plasma to reach densities of 5 x 10** m~3 for use as a lepton
accelerator [1, 4]. In this application, a high energy proton bunch is introduced to a high density
plasma with a bunch length equal to the wavelength of the electron plasma frequency. This con-
figuration establishes resonant oscillations of the bulk plasma electrons and leads to the popular
blow-out regime for acceleration of electrons in a plasma [5, 6, 7]. To achieve acceptable per-
formance against defocusing, the density variation along the beam path must be less than 0.2%.
Unfortunately helicon plasmas are known to have density variations much greater than this [8, 9,
10]. However, despite significant work on the equilibrium [11] and ionization dynamics [12], a
complete understanding of density evolution mechanics in helicon plasmas remains elusive.

Versatile and efficient plasma sources are also needed to understand the effect plasmas have
on the materials they are exposed to in the exploration of fusion energy as a viable grid level
power source. For large fusion experiments like tokamaks and stellerators, the divertor or limiter

plasmas typically have high electron densities in the range of 1 x 10 - 1 x 10?° m~2 and electron



temperatures below 100 eV [13, 14]. Plasma material interaction studies on current fusion grade
research devices is often limited due to their short pulse lengths, generally less than 10 seconds, or
due to difficult diagnostic access. Cost effective laboratory scale plasma devices that can generate
such high density low temperature plasmas for hours at a time, thus simulating the conditions of
an operating power plant, are essential. With the ability to generate steady state plasmas with
densities in the 1 x 10 - 1 x 10?° m~2 and electron temperatures of 1-5 eV, helicon plasmas
are ideally suited for this role. Indeed, even at 700 W of RF power and magnetic field strengths
in the range of 700 G, sputtering of pure molybdenum has been observed during this work, and
Oak Ridge National Laboratory is utilizing a 200 kW helicon plasma source in their new Material
Plasma Exposure Experiment (MPEX) [15]. To better match ion and electron temperatures to
divertor relevant regimes the current prototype for MPEX, Proto-MPEX, utilizes ion and electron
cyclotron heating [16].

A key piece of information that has so far eluded researchers is a detailed understanding of the
particle balance, the sources and sinks of plasma species and their resulting flows, and its impact
for efficiently reaching high densities and ionization rates. Finally understanding this mechanism
will allow helicon plasmas, and perhaps other plasma sources, to be optimized for research on
topics such as plasma wakefield acceleration and plasma material interaction. Investigating such
high density low temperature plasmas requires a set of flexible diagnostics need to be developed
and optimized for the task.

The topic of plasma diagnostics is rich in the variety of techniques available to measure the
parameters of interest. The most commonly measured parameters are the average electron temper-
ature and the electron density. Both quantities can in principle be measured by Langmuir probes
but the theory underlying current collection in such probes, especially in high density RF plas-

mas, is not straight forward [17, 18]. To overcome the shortcomings of probe based measurement,



techniques such as laser scattering off electrons (Thompson scattering), interferometers, and reflec-
tometers have been developed to measure electron temperature and density with greater accuracy.
Thompson scattering has the unique ability to measure the electron energy distribution function
(EEDF) directly, while interferometers and reflectometers are limited to measuring only the elec-
tron density. Unfortunately the improved accuracy of these more advanced techniques comes with
significantly increased complexity and monetary cost.

Another technique for diagnosing a plasma that is gaining in popularity compares the mea-
sured emission spectrum of the plasma with a synthetic spectrum from a collisional radiative model
(CRM) [19, 20, 21, 22, 23]. Similar methods have been used for decades in astrophysics to as-
certain the chemical makeup of far away nebulas and stars [24]. The field of spectral analysis
is generally split into three categories depending on the rate of collisions between electrons and
atoms. At very low densities where electron collisions are infrequent and collisional deexcitation
and recombination is negligible, the coronal model balances the atomic excitation process with
spontaneous emission. At very high densities, collisions between atoms drive the system into a
state of thermal equilibrium and every atomic process is exactly balanced by its inverse process.
Somewhere in between, collisions are frequent enough that a wide variety of atomic transitions oc-
cur with differing but roughly equal rates. This in-between region is called the collisional-radiative
regime, and has been applied with greater accuracy as the quality of atomic models underlying the
CRM increases. The real benefit is that if sufficiently accurate data is available, a complete model
of the atomic processes occurring in a plasma can be assembled. A popular way of applying such a
technique is to compare ratios of plasma emission lines with theoretical line ratios from numerical
models. Utilizing line ratios has the benefit of less complicated calibration of the measurement
optics, and often a line-ratio pair can be found that varies as a function of a single parameter like

electron temperature or density.



All of the ‘advanced’ techniques described thus far benefit from being non-invasive, i.e. not
artificially disturbing the plasma, and usually very accurate. However, all of them suffer from
being line integrated measurements. The parameters being measured are then an average along
the line of sight through the plasma. A more active, yet still non-invasive, approach to probing
a plasma utilizes a laser beam to pump excitation transitions from lower energy to higher energy
atomic states in a plasma. By detecting the photons emitted during the subsequent decay from the
higher energy atomic state perpendicular to the axis of the laser beam, the spatial resolution can be
increased to the small volume of plasma at the intersection of the pump beam and the observation
line of sight [25, 26, 27, 28, 29, 30]. This so-called laser induced fluorescence (LIF) technique
combines the advantages of being very accurate and non-perturbing with additional capabilities
such as high spatial resolution and the ability to measure atomic flow velocities.

The diagnostic goal of this thesis is to develop and apply these more advanced laser induced
fluorescence and line ratio spectroscopy techniques to improve our understanding of helicon plas-
mas. Specifically the laser induced fluorescence provides a unique ability to accurately measure
flow velocities in a plasma as slow as 10 m/s or so. The flow velocity is a key ingredient in as-
sessing the flux of ion and neutral species. The ability to measure these particle fluxes allows
the source and sink distribution of ions to be probed directly. These are the primary terms of the
particle balance which is set up in a plasma and governs the ultimate density that can be achieved.

A new line ratio spectroscopy diagnostic for diagnosing argon plasmas using a state of the
art atomic data set for neutral argon from Dr. Loch’s group at Auburn University is described in
Chapter 3. This new line ratio spectroscopic tool provides new insights into the relative population
of neutral argon metastable states that were not previously accessible. In Chapter 4, a method for
applying laser induced fluorescence of argon ions to obtain the ionization source distribution in a
helicon plasma, for the first time, is presented. Chapter 5 introduces the Magnetized Anisotropic

Ion-distribution Apparatus (MARIA) helicon device and describes the implementation of the line



ratio spectroscopy and laser induced fluorescence diagnostics. The results of the LRS and LIF
measurements are be compared with Langmuir probe data and their interpretation with regard to
the particle and momentum balance in MARIA is presented in Chapter 6. A summary of the work

is presented in Chapter 7 along with possible avenues for future research and conclusions.



Chapter 2
Background

2.1 Helicon Physics

Helicon plasmas are high density, low temperature plasmas generated by a specific type of
electromagnetic wave in a uniform magnetic field. As Dr. Chen says, “Helicon waves are basically
bounded whistler waves” [31]. A more rigorous definition is provided below, but for the purposes
of this research the uniquely high ionization efficiency and operation at magnetic field strengths
in the range of 1000 G are also incorporated into the definition. This serves to distinguish the
phenomena of interest in this work, i.e. the density and ionization rate, from other effects such as
Trivel-Piece Gould modes and excitation above the electron cyclotron frequency that are collec-
tively included in helicon plasma research. The wave structure is that of a right-hand circularly
polarized wave, called an ‘R-wave’. The dispersion relation for R-waves propagating at an angle

to the background magnetic field is given as
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where c is the speed of light in vacuum, £ is the wave number, w is the frequency, w, is the electron
plasma frequency, w, is the electron cyclotron frequency, and 6 is the angle between k and B.

Davies et al showed that for high densities and for w < w, the plane wave dispersion relation
is approached [32]:
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where k| = k cos(f) is the parallel wavenumber, & is the perpendicular wavenumber, and 0 is the
angle with the applied magnetic field.

Davies continued on to solve for the electric fields using Maxwell’s equations and the general-
ized Ohm’s Law in cylindrical geometry, neglecting ion motion, pressure gradients, and resistivity.
Davies looked for solutions of the form f(r) exp|i(wt — kz—m#)] using the integral representation
of Bessel functions. Initially a conducting chamber was assumed, such that the axial and azimuthal
electric fields were defined to be zero at the chamber wall, F.(a) = Ey(a) = 0, where a is the
radius of the chamber. By further neglecting displacement currents and electron inertia, Davies

arrived at the dispersion relation for cylindrical geometry
0 =kmJy(kia) + kjkiad,,(kia) (2.3)

where «a is the chamber radius, ./, is the m’th order bessel function of the first kind, and J], is its

derivative. If & < k then Equation 2.3 simplifies to
0=kmd,(kLa) 2.4)

which yields k;a = 3.83 for the first zero of the Bessel function with m=1. Incorporating this
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where e is the electron charge, i is the vacuum permeability, n. is the electron density, and B is

result into Equation 2.2 gives:

the magnetic field strength. For a given wave number, frequency, and chamber size this establishes
a linear relationship between the background magnetic field and the electron density. Equation 2.5
is plotted for various plasma radii in Figure 2.1. The solid black curves in the figure are the plane
wave solutions that exist below the electron cyclotron frequency and above the electron plasma
frequency. The label ‘helicon’ is applied to solutions between the ion and electron cyclotron fre-

quencies. Equation 2.5 essentially establishes the n/ B scaling that must be satisfied for the helicon
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Figure 2.1: The whistler wave exists between the ion cyclotron frequency and the electron cy-

clotron frequency where the R-wave has a resonance. The R-Wave dispersion relation (for
B=.07T,n = 10?° m~3) is plotted in black. The modified dispersion relation for cylindrical ge-
ometry is plotted in color for various plasma radii (a). The operation point of MARIA is shown by

the dot.

wave to propagate at fixed wave number, frequency, and chamber radius. It is clear that shorter
wavelengths and smaller chambers yield a steeper relationship between density and magnetic field
strength. The unique solution for MARIA is indicated in the figure. Even this is a somewhat sim-
plified view as other researchers have indicated that multiple modes can be present in the plasma
simultaneously [33]. Specifically Chen has shown that in the case of an insulating chamber with
an outer conducting layer a nearly continuous spectrum of wavenumber can propagate [34].
When considering the R-wave dispersion relation, there are actually two possible solutions if
one includes the effects of electron mass. One solution corresponds to the so called ‘Trivelpiece-

Gould’ mode while the other corresponds to the helicon mode of interest [32]. The two solutions
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where v is the electron collision frequency.

Equation 2.6, the helicon mode, is the same as Equation 2.2 and Equation 2.7 is the Trivelpiece-
Gould mode. Chen has done extensive research on the Trivelpiece-Gould mode and has shown its
wave pattern to be largely dominant at low magnetic field, around 60 G. The mode structure is
highly damped and thus deposits its power at the outer radius of the plasma. The helicon mode
on the other hand appears to dominate at high magnetic field, above 500 G, with power being
deposited on axis. Figure 2.2 shows the radial power deposition profile based on numerical models
done by Chen [31]. The low magnetic field dominance of the Trivelpiece-Gould mode is evidenced
by the power deposition being distributed at the far outer radius of the plasma for electron densities
above 2.5 x 10' m~3. The dominance of the Trivelpiece-Gould mode is seen in Figure 2.2 by
the steep increase in power deposition at radial positions greater than 40% of the chamber radius
at high density. The small increase in power deposition on axis for low density plasmas is due to
coupling to the helicon mode. In measuring the axial component of the current density, Blackwell
et al found that a transition occurs at higher magnetic field strengths and the helicon mode becomes
dominant [35]. Numerical work done by a team at Oak Ridge National Laboratory suggests both
modes may contribute equally to the power coupling [9]. While the mode structure in terms of
magnetic field strengths and current densities have been measured to determine which modes are
present, only one set of experimental power absorption measurements has been made by Kramer
et al [36]. Although strong power absorption was observed on axis, the authors stopped short of

claiming the power absorption was solely from the helicon wave.
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Figure 2.2: Numerical solutions for the power deposition profile for plasmas of various densities
and a magnetic field strength of 50G. The figure and calculations were performed by F. F. Chen of

UCLA [31]

The linear relationship between n. and B for the helicon mode is an exciting feature to exploit,
but requires a bit of interpretation first. The dispersion relation describes the circumstances under
which a specific type of wave will propagate. It does not, by itself, describe any ionization mecha-
nism driven by the wave. It has been empirically found that when the helicon wave propagates in a
plasma the electron density increases dramatically. However the exact cause of the increased den-
sity, and presumably ionization source rate, is only partially understood. Chen and Hershkowitz
have proposed Landau damping is able to accelerate electrons to the phase velocity of the wave
which is at the peak of the electron impact ionization cross section [37, 38]. However, further
experiments by Blackwell and Chen were unable to detect the presence of a greater population of
high energy electrons, thus suggesting that Landau damping is not responsible for the increased
ionization source rate [39, 40].

It is tempting to think that one can arbitrarily increase the background magnetic field to pro-

duce higher density plasmas, but this viewpoint completely ignores the particle and power balance.



11

In broad terms, the RF power coupled to the plasma will leave the plasma through heat conduc-
tion to the chamber walls or by radiation. Solving a simple zero dimensional (OD) power balance
for singly ionized argon based on the work of Lechte er al demonstrates the non-linear trade off
between electron density and temperature for fixed power input [41]. The solution for typical
parameters used in this work, shown in Figure 2.3, shows the decrease in maximum sustainable
density with increasing electron temperature due to increased power lost via conduction to the
walls. Increasing the RF power input increases the maximum density, but the relationship is not
quite linear. The power balance calculation proceeds by equating the total power consumed by
radiation, ionization, or conduction to the chamber walls with the input RF power assuming 100%
coupling efficiency. The rate coefficients used are identical to those used by Lechte, and are typi-
cally total cross sections averaged over a Maxwellian electron energy distribution function. Work
done by Goulding et al has demonstrated an apparent upper limit to electron density when the
electron temperature is very low ( 1.5 eV), in agreement with the simple power balance shown
here [42]. The power balance indicates that the vast majority of the power is lost to electron-ion
momentum transfer at temperatures below 2 eV or so. Goulding seems to agree with this assess-
ment, concluding that increased heating power is necessary to further heat the electrons and reduce
the momentum loss.

The simple power balance shown in Figure 2.3 does not solve the particle balance equations.
As a result, electron densities above 2 x 10 m™2, the background neutral density, are unreal-
istic. Investigating how the particle balance influences this limit and trade-off is a fundamental

motivation for this research.

2.2 Plasma Line Emission

That atoms emit radiation at discreet wavelengths has been known since at least the late 1800’s

when Johann Balmer came up with his empirical formula for the light emitted from a hydrogen



12

RF Power
1020 4
] — 700 W
1000 W
— 10000 W

1019 4

Electron Density [m—3]

1018 4

1017 4

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Electron Temperature [eV]

Figure 2.3: OD power balance calculations performed for MARIA. Neutral density was assumed

to be 2 x 10 m~3. Calculations were based on work done by Lechte et al [41]

atom. The basic physics underlying the appearance of the particular lines Balmer saw were dis-
covered, somewhat collectively, by Bohr, Rutherford, Einstein, in the mid 1910’s. It wasn’t until
quantum mechanics began to be formalized in the mid 1920’s by Schrodinger, Heisenberg, and
Born that a complete description of the wavelengths at which hydrogen radiates was available.
Today, it is broadly understood that quantum mechanics gives a complete description for the
emission and absorption properties of an atom. However, working out the math required from
quantum mechanics is difficult and in many cases solutions can only be approximated, as is the
case with multiple electron atoms. Due to the mathematical complexity of quantum mechanics,
many of the intrinsic properties of atomic states are distilled into easy to use constants such as
Einstein’s A-coefficient, oscillator strengths, and statistical weights. Coupling this state-specific
data with an atom’s energy levels and the wavelengths at which it radiates is typically enough for

routine spectroscopy. Very little day to day exposure to quantum mechanics is needed!
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Fortunately the United States National Institute of Standards and Technology (NIST) hosts an
online database of the most current atomic data [43]. From the hosted data, all practical information
regarding the line emission measured in this work can be determined.

The wavelength of an emitted photon is related to the energy difference between the two atomic

levels involved in the transition by

he

A=——
E —E;

(2.8)

where h is Planck’s constant, c is the speed of light in vacuum, and £; and E; are the energies
of the upper and lower states. The intensity of light emitted at the wavelength \ is related to the

density of atoms in the upper level by
dn,;
dt

I (2.9)

where n; is the density of atoms in the upper level.

The astute reader will notice an conflict between equations 2.8 and 2.9. The wavelength is
determined from the energy of the two atomic levels, and the intensity is related to the lifetime.
If one were to pump a transition from an atomic ground state with a short burst of a perfectly
monochromatic light source, the energy of the atom’s excited state would be known with zero
uncertainty. Heisenberg’s uncertainty principle, cgo, > h/2, tells us that the uncertainty in the
lifetime of the excited atomic state would then be co.

Actually performing the experiment just described would yield a different result. One would
find that the standard deviation of atomic lifetimes is finite. One is then forced to conclude that
the energy levels have a finite standard deviation. A rigorous treatment of the atomic transition
requires a deep dive into quantum mechanics and quantum electrodynamics. The specific details
are not particularly important here and the interested reader is directed to textbooks by Griffiths

and Demtroder for a thorough introduction [44, 45].



14

The result of the quantum treatment, and serendipitously the classical electron oscillator model,
is that the energy levels, wavelengths, and lifetime are all intimately related. The radiation intensity

for an ensemble of atoms can be shown to have a Lorentzian line shape of the form

/2w
(W —wo)?+ (v/2)*

L(w — wp) = (2.10)

where wy is the nominal frequency of the emitted photons, «y is the full width at half-maximum
line width, and I is the total intensity of the line. The Lorentzian profile is the result of Fourier

decomposing a function of the form

f(z,t) = xgexp(—7t) cos(wpt). (2.11)

Equation 2.11 can be thought of as the probability of finding an atom with its valence electron in
an excited state. The oscillatory component, cos(wyt), arises from a phenomena called the Rabi
flopping frequency, while the decay term, exp(—~t), arises from the naturally observed trend of
decay towards lower energy states.

The ~ term is thus the same decay rate used in the detailed balance equations of Einstein’s 1917
paper, v = A;_,; [46]. Einstein’s theory of radiation can then be used to calculate the line intensity
for a transition from excited state ¢ to lower state 7,

dn;

where v;; is the frequency of the emitted photon, n; is the number of atoms in the excited state 7,
and A;; is the characteristic decay rate for the transition from i to j.

The Lorentzian emission line shape is rarely observed in experiment. The analysis that leads
to it assumes the atom is stationary. For an atom in motion, the frequency of the emitted photon
is shifted by the Doppler effect. The observed frequency for an observer looking directly at the
atoms emitting photons is

wp=wy+k-V (2.13)
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where wp is the Doppler shifted frequency, k is the photon wave vector, and V is the velocity
of the atom in the observer’s frame of reference. Of course, when observing a finite volume of
atoms in thermal equilibrium, the velocity distribution function (VDF) of the observed atoms is

Maxwellian,
n

ni(v,) dv, = — = exp[— (v, /v)?] dv. (2.14)

(%7

where v, is the velocity in the direction of observation and v, is the thermal velocity v, =
(2kT /m;)*/?. Inserting equation 2.13 into the Maxwellian distribution gives the density of atoms

that will emit as a function of the emitted photon frequency,

c(w — wp)

2
n.
n;(w)dw, = ———exp |— [ ————= dw. 2.15
@) WoUth\/T p[ ( WoUth, )] 2.15)

In reality, the true profile typically measured is neither strictly the Gaussian form given by
equation 2.15, nor the Lorentzian form given by equation 2.10. Every differential volume of atoms
described by the Maxwellian VDF emits with the Lorentzian line shape and the combined effect is

a slight additional broadening. The combined effect is found through a convolution
I(w) = Iy / niw' L(w — w') dw'. (2.16)

This convolved profile is called a Voigt profile. Typical Lorentzian line widths, called the natural
line width, are on the order of 10 MHz, while the Doppler broadened line width is on the order of
5 GHz at 1000 K. Profiles can therefore be fit with Gaussian curves and incur only a small error in

thermal temperatures determined by line shape fitting.
2.3 Laser Induced Fluorescence

Laser induced fluorescence (LIF) is a non-invasive diagnostic tool that can be used to investi-
gate properties of a plasma without the detrimental disturbance introduced for instance by physical

probes. LIF is commonly deployed to measure the velocity distribution function of a plasma
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Figure 2.4: Basic LIF scheme.

species [47, 29, 48]. Other more sophisticated techniques can yield direct measurements of the
electric field in the vicinity of a plasma boundary [30]. LIF is deployed in this work to measure
electron densities, flow velocities, and neutral and ion species temperatures. The LIF development
described here was recently published with the journal Measurement Science and Technology and
has been included as it forms a foundational role in this research [49]. A brief introduction of the
basic idea is provided here, while a deeper dive into the theory is provided in Section 4.

A basic schematic for an argon ion LIF scheme used in this work is shown in Figure 2.4.
For this scheme, laser light with a wavelength of 668.614 nm, indicated by the red arrow, will
cause atoms to transition from state 1, the 3d 4[F] 7/2 level, to state 2, the 4p 4[D] 5/2 level. Some
of the atoms that are pumped to state 2, will subsequently spontaneously decay to state 3, the
4s 4[P] 3/2 level, emitting a photon at 442.6 nm. However, due to the Doppler effect, atoms with
some component of velocity either towards or away from the direction of light propagation will, in
their frame of reference, observe the light at a slightly different wavelength and thus not undergo

the transition. An ensemble of atoms will thus experience an excitation rate according to the inner
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product of the light source wavelength and the velocity distribution of the atoms

dry ///Blﬁgf(x,v)b(v,y)@L(u)dyd%de, (2.17)

A 7r
where n; is the density of the i-th excited level, B is the Einstin B-coefficient for absorption, f
is the particle velocity distribution function, g is the laser intensity and lineshape, L is the natural
line width, and b is the Doppler broadening function.
The intensity of light emitted from the atoms making a transition from state 2 to state 3 is thus

given by

I x Aﬁz—? = %///Bf(a:,v)b(v,y)g(Z;Ty>L(V) dv d*v d’x (2.18)

where A is the Einstein A-coefficient for emission and [ is the branching ratio for the transition
from state 2 to state 3 compared to all other possible transitions from state 2. Note that the time
integral should be from ¢ = 0 — oo, but due to the very short time scales, the system is essentially
in equilibrium during the observation time scale on the order of microseconds.

Typically the spectral line width of the transition L(v) and the laser g(x,v) are much much
smaller than the line width of the velocity distribution function, (VDF), after accounting for
Doppler effects. For example, if one were to imagine g(x,v) and L(v) to be monochromatic
delta functions, then / simply takes the shape of the VDF for the observed volume.

When a magnetic field is present, as in this research, the energy of the states involved in the
LIF process are either increased or decreased depending on whether the angular momentum vector
is aligned parallel or anti-parallel to the magnetic field. This splitting is the Zeeman effect at low

magnetic field strengths shown in Equation 2.19, or the Paschen-Back effect at high field strength.

E, = ziB - (2S + L) = gm,upB, (2.19)
m

where F, is the energy shift due to the Zeeman effect, B is the magnetic field vector, S and L are
the spin and angular momentum vectors, m is the electron mass, g is the Lande g-factor, m; is the

magnetic quantum number, pp is the Bohr magneton, and B is the magnetic field strength.
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Accounting for the Zeeman effect during the transition from state 1 to state 2 in Figure 2.4
yields a shift in the frequency at which the transition takes place due to a background magnetic
field. The dipole selection rules from quantum mechanics allow for a change of —1 < Am; < 1,
where m; is quantum number associated with the z component of the angular momentum. Transi-
tions resulting in a change of Am; = +1 are labeled o transitions, where changes of Am; = —1
are labeled o~ transitions. When one of these o transitions occurs some energy will either be
gained or lost due to the interaction of the atom’s angular momentum with the external magnetic
field. Figure 2.5 depicts the influence of the Zeeman effect on the LIF pumping process in a graph-
ical form. The transition occurring in the absence of a magnetic field is the fundamental transition
and is indicated by the blue dashed arrow. Am; = +1 transitions requiring additional energy,
thus a higher frequency pump light source, are shown to the right of the blue arrow, and the rel-
ative strength of these transitions is indicated by the black lines below the energy level diagram.
Am; = —1 transitions requiring less additional energy, thus requiring a lower frequency pump
light source, are shown to the left of the blue arrow. The red dashed curves in Figure 2.5b.) indi-
cate the combined appearance of the transition groups in a finite temperature plasma with Doppler
broadened absorption profiles. The distance between the two peaks is exactly twice the offset
distance of one peak from the fundamental transition frequency; i.e. the peaks are symmetrically
displaced from the fundamental. The offset from the fundamental frequency at which the transition

will occur can be calculated by

pupB

Af =1[(g2—g1)m12 £ g1] T (2.20)
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Laser Detuning (frequency)

Figure 2.5: The Zeeman effect manifests in a bifurcation in the measured VDF’s depending on

whether the o™ or ¢~ transitions are being pumped.
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2.4 Langmuir Probe Measurements in RF Plasmas

Beyond visual confirmation that a plasma is present in the chamber, Langmuir probes are prob-
ably one of the oldest and simplest plasma diagnostics [50, 51]. While the interpretation of Lang-
muir probe results can often be quite challenging, virtually every plasma experiment has at least
one Langmuir probe. Due to their relatively simple construction, electron temperature measure-
ments obtained from a Langmuir probe are often the first publicized result from any new plasma
experiment, and are frequently the benchmark against which more complex diagnostics are mea-
sured. In this work an RF compensated Langmuir probe constructed specifically for this purpose
served as the primary benchmark for other diagnostics, and as a means for comparing MARIA
plasmas to devices in other laboratories, and as a basic plasma diagnostic.

A tremendous body of knowledge exists regarding the use and interpretation of Langmuir probe
data, and a worthwhile introduction could not be accomplished here. Instead only the specific
details that are important to this research is presented.

A particular complication for Langmuir probes is in their use in RF environments. The electron
collection current for a single tip Langmuir probe in a quiescent plasma is given by Equation 2.21
[51].

L.(Vg) = An.e/T.[2mm, exp [W} 2.21)
where A is the probe area, n. is the electron density, e is the electron charge, 7. is the electron
temperature, m, is the electron mass, V), is the plasma potential, and V5 is the probe bias potential.

Due to the RF heating mechanism, it is possible for the plasma potential, V},, to oscillate at the
RF frequency. Sweeping the bias potential at a rate much slower than the RF excitation frequency
yields an I-V curve that is a time-averaged version of the low and high plasma potential I-V curves.
This effect is well described for instance by N. Hershkowitz, and the resulting I-V curve is shown

in Figure 2.6 [51]. The dotted lines in the figure represent the the (V) curve at the high and
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Figure 2.6: The I-V curve measured from a plasma with a sinusoidally oscillating plasma potential

[51].

low plasma potential extremes. The solid black curve in the middle is the time averaged result
for a fluctuation amplitude of T, /e, and the flatter solid black curve is the time averaged result for
a fluctuation amplitude of 107, /e. It is clear that neither of the time averaged traces accurately
represent the true I.(Vp) curve, with the result being severely distorted for high amplitude fluc-
tuations. However, it is important to note that the transition region, between the ion and electron
saturation regions, is least distorted at low bias potentials near the ion saturation region, labeled by
the ‘A’. This suggests that restricting the I.(V) analysis near the ion saturation region will give
the most accurate results even when plasma potential fluctuations are possible.

Focusing on the /.(Vg) curve below the floating potential requires using an accurate model
for the ion collection current. The theory of ion collection by a Langmuir probe has been the
focus of a tremendous amount of research, and a definitive all-purpose model is still missing. The
presence of magnetic fields, ions possibly orbiting the probe tip, and varying ion fractions make
selecting the right theory difficult. Two theories that are used frequently in practice are the Orbital
Motion Limited (OML) theory first proposed by Langmuir [50], and the Bernstein, Rabinowitz,
and LaFramboise (BRL) [52, 53]. The OML theory is the simplest to use, appropriately accounts

for the reduction in ion current caused by ions with finite angular momentum orbiting the probe
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tip, but does not address magnetic fields. Additionally the OML theory is only strictly valid for low
density plasmas where the sheath is larger than the probe tip. The BRL theory on the other hand is
valid only in collisionless plasmas, but has the benefit of handling orbiting and probes oriented at
an angle to the magnetic field.

The development and analysis of ion collection current theories has been a topic for many
PhD theses, but is not the focus of this one. Fortuitously, Dr. Chen of UCLA has performed
extensive benchmarking of the two ion collection theories discussed here [17, 54]. By comparing
the densities determined by ion current analysis against a microwave interferometer in moderate
density plasmas, Chen found that none of the ion collection theories worked flawlessly. However,
Chen recommends an average between the BRL and OML theories as being most accurate when
working specifically with helicon discharges.

In this work, the OML theory was found to fit the data most reliably. The BRL fit was found
to predict more saturated ion collection current while the OML fit captured the V'/2 slope well
as shown in Figure 2.7. The BRL theory consistently predicted electron densities a factor of two
higher than the OML theory. The predicted electron temperatures were typically comparable. At
low densities the BRL theory and OML theory both fit the data reasonably well and predicted
similar electron densities. These results are very similar to those described by Chen et al in an
inductively coupled plasma with similar RF power and density [55]. Of the two ion collection
current theories, OML and BRL, Chen found that the OML theory agreed most closely with mi-
crowave interferometry measurements. Based on their work and the ability to reliably fit IV curves

measured in this work, the OML theory was used throughout this work.
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Figure 2.7: The BRL theory predicted an electron temperature of 3.58 eV and an electron density

of 7.8 x 10'® m~3. The OML theory predicted a slightly lower temperature of 2.98 eV and an

electron density of 4.4 x 10*® m~3.
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Chapter 3

Neutral Argon Line Ratio Spectroscopic Diagnostic

A particularly useful feature of plasmas is that they are full of energetic electrons capable of
exciting atoms. A byproduct of this excitation is the light emitted as the atoms relax to a state of
lower excitation. This property has been used in astronomy since the mid 1800’s to deduce the
composition of various gasses [56]. Much more is known today than back in the 1800’s and the
atomic behavior of plasmas can be investigated in much more detail. Line ratio spectroscopy (LRS)
is a technique that can extract bulk plasma properties such as electron temperature and density from
pre-tabulated data, while collisional radiative modeling (CRM) enables more detailed information
about individual states to be extracted [19, 57, 58].

The usefulness of line ratio spectroscopy can be demonstrated for gasses at elevated tempera-
tures through the use of the Boltzmann equation, which relates the ratio of different excited state

densities to temperature,

no g2 Ey — B,
e gz - = 3.1
g P ( T ) : (3.1

where n, 5 are the number densities of each level, g, » are the degeneracies of each level, £ , are
the excitation energies, and 7' is the thermal temperature of the gas. If the spontaneous emission

rate is known, the ratio of the line intensities can be calculated by

(3.2)

€351 Az 103 ox E3; — Ey
kT 7

€21 B Az 192
where ¢ is the photon emissivity and A;_,; is the Einstein A-coefficient for the transition from

excited state ¢ to j.
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Notice that if the ratio of line intensities here is measured and the excitation energy of the two
states are known, the temperature of the gas can be extracted without requiring any knowledge of
particle density. This is obviously a very simple example with many gross assumptions, however
the basic principle of relating line intensity ratios to fundamental properties of the medium is
established. In practice, much more complicated techniques can be employed requiring more
sophisticated models to describe the plasma emission. This work will leverage collisional radiative

modeling extensively to calculate the expected emission intensity of neutral argon lines.
3.1 Metastable State Populations

Before jumping straight into the details of collisional radiative modeling, the presence of
metastable states of neutral argon must be addressed. Table 3.1 shows the energy of the first
five energy levels for neutral argon as found in the NIST database. Here .J is the total angular
momentum quantum number. Since a photon carries one unit of angular momentum, and angular
momentum must be conserved in the emission process, the difference between the final state angu-
lar momentum J; and initial state angular momentum J; must be equal to the angular momentum
carried away by the photon, A, J; = J; + A\. However, J is only the magnitude .J = |J|, so the
direction of Jy can change to allow one unit of angular momentum to be emitted and allowing
Jy — J; = 0. However, a J = 0 to J = 0 transition has no angular momentum to liberate and
this transition type is also forbidden. As a consequence, the levels with J = 0 and J = 2 are
forbidden from decaying to the ground state by electric dipole emission by the dipole selection
rules AJ = 0,£1 and no J = 0 — J = 0 transitions. These levels are therefore classified as
‘metastable’.

Due to their inability to decay to the ground state, a significant population can build up in these
levels. Additionally, where spontaneous emission typically keeps the relaxation time for ordinary

levels very short, the metastable state relaxation time can extend into the millisecond range. On
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Table 3.1: Neutral argon has three metastable levels if the ground state is included [43].

Configuration | Term | J | Level Energy (cm™1)
3s23p® IS 0 0.0000
3s23p° (2P§/2)4s 2[3/2]° | 2 93,143.760
1 93,750.5978

3523p5(2P§/2)4s 2121° 1 0 94,553.6652
95,399.8276

these time scales convection and diffusion can contribute significantly to the transport of atoms
through an observation volume. The task of calculating the population of metastable states then
enters the realm of transport analysis and is no longer appropriate for collisional radiative modeling
alone. For this reason the analysis below treats the metastable state densities as required inputs to
solve the CRM equations. This framework is called the ‘quasi-steady state’ assumption in which
most, but not all, of the atomic level populations are assumed to relax to their steady-state value on
time scales much shorter than the observation time.

Due to the 11.5 eV energy difference between the ground and lowest energy metastable state,
the excitation rate coefficient from one of the metastable states is roughly 10° times greater than out
of the ground state. At the same time however, the density of atoms in the ground state can easily
be ~ 10° greater than the metastable state, making the actual excitation rate out of the ground
and metastable states comparable. For this reason it is very important to know the ratio of the
metastable state densities to the ground state density if an accurate model of the plasma emission

is desired.



27

3.2 Collisional Radiative Modeling

Collisional radiative modeling is a highly detailed approach that can be used to extract almost
any desirable quantity about a plasma’s state of atomic excitation. The basic principle is to col-
lect spectroscopic information regarding the collisional excitation/relaxation rates to and from as
many excited atomic states as possible and incorporate them into a system of coupled differential
equations that describe all the processes acting on the atoms. The system of equations is then
solved, yielding the density of each exited state for the given plasma conditions. The process of
solving the differential equations is straightforward. The complexity and detail involved in using
collisional radiative models comes from gathering the transition rate information, i.e. the atomic
data describing the rates for each atomic process considered, and interpreting the results.

The codes typically used to solve the collisional radiative model in this work are part of the suite
of codes known as the Atomic Data and Analysis Structure (ADAS) [59]. ADAS was developed
to address the need for centralized modeling and storage of high quality atomic data for fusion
plasmas at the Joint European Torus (JET). It is largely a generalized set of codes built around CRM
that can look up and use atomic data for any atom as inputs and output information about excited
state density, line widths etc. Due to the reliance on atomic rate information, ADAS also oversees
a large database containing fundamental atomic data as well as codes capable of generating new

atomic data from theory.

3.2.1 CRM Theory

The following discussion reviews the basics of collisional radiative modeling using ADAS
notation as applicable to this research. Much more detailed information can be found elsewhere

by the interested reader [59]. For a given ionization stage of an atom the system of equations
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describing the state balance is:

d
a m

X 011 N Cln T1Me X

| s (3.3)
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1t n+

[ dt L1 ]

where the terms C;; are elements of the collisional radiative matrix, n; is the density of the i-th
excited state, 7; is the recombination rate from the next higher ion stage to excited state i, n;
is the density of the next higher ion stage, and n. is the electron density. The Cj;’s are each a
sum of transition probabilities such as the Einstein A-coefficient, the electron impact excitation
rate coefficient multiplied by the electron density, the electron impact ionization rate coefficient
multiplied by electron density, etc. The notations is such that Cs;, for example, is the transition
probability for excitation out of energy level 1 into energy level 5.

Generally the plasma is assumed to be in quasi-static equilibrium, meaning individual excited
states can relax to their equilibrium value much faster than plasma transport processes can carry
the atoms out of an observed volume but the metastable states relax to their equilibrium value at a
similar or slower rate than motion through the observation volume by transport processes. Using
this assumption, the CRM code does not solve for the metastable densities, and they must be given
as an input. The metastable densities can be solved for with plasma transport codes or measured
directly.

Reducing Equation 3.3 according to the quasi-static equilibrium, and setting levels 1, 2, and 4

to be metastable for example, gives
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The left hand side of Equation 3.4 is then set to zero D = 0 and the ordinary excited states are

found by —C~!M = N:

- - — - -1 ¢ -

ng 033 035 e an 031711 + 03277,2 -+ 034714 + rgnenf
Ny B C53 055 Ce C5n C51n1 + C52n2 + 054n4 + ’1"571671;r (3 6)
_nn_ _Cn3 Cn5 cee Cnn_ _Cnlnl + Cn2n2 + Cn4n4 + Tnneni__

Within the ADAS nomenclature, metastable levels are indexed with Greek letters, like o,
04, etc., while normal excited levels are indexed with Roman letters, like 1, 2, etc.. Using index

notation, Equation 3.6 can be written as:

o
n; = Z i Z Cic o + Z i T neny + - - (3.7
=1
~ %,_/
ZF(exC)neng _ Fj({ec)nenik

where (C™1), ; represent the elements of the inverted reduced collisional radiative matrix, O is the
number of ordinary excited levels, and M is the number of metastable levels. Other effects such
as charge exchange, ionization, etc. are not shown in Equation 3.7 but could be included. The
spontaneous emission resulting from transitions is then:

]\/[z+1
CXC rec
Ejmk = Ajsk (E F NeNg + E T Tl ) (3.3)

v'=1
M1
ik = Z PEC e;‘c_))kneng + Z PECerjcﬁk + -

o=1 v'=1
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Within the ADAS notation, the two terms in Equation 3.8 are called photoemissivity coeffi-
cients (PECs). The first term is a sum over each of the metastable states of the ionization stage of
interest, while the second term sums over the metastable states of the next higher ionization stage.
These PECs are the terms that are used later in this work.

By substituting Equation 3.7 back into Equation 3.3, the collisional dielectronic ionization,

ScD, and recombination, o D, coefficients can be identified:

Sep=Cn— Y Y CyCy'Ca (3.9)
J#L i#l

Qcop = T1 — Z Z Cljcj_ilﬂ' (310)
J#L il

These collisional dielectronic coefficients give the rate of change of the ground (or metastable)

states due to 1onization and recombination. The resulting rates of change become:

d
E”l = —n.Scpni + Neacpny (3.1

These coefficients can be combined with the PECs to form new derived quantities:

Mz+1 S

S/XBa,jak = Z CD,G;)V
v=1 PECL(:]C—)Hc
Mz+1

- QCDyv—o
a/XByj k= Z W (3.13)

v=1 o,j—k

(3.12)

where the sum is over the metastable states of the next higher charge state and the PEC is for
a specific transition from excited state j to excited state £ originating from a metastable state of
the lower charge state. The S/X B coefficient relates the ionization rate to the photon emission
rate and the o/ X B coefficient relates the recombination rate to the photon emission rate. These
two coefficients can be used to recover ionization and recombination rates from line emission

measurements alone.
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3.3 Line Ratio Spectroscopy

To infer information about a plasma using line emission spectra, simulated spectra are gener-
ated using the PECs derived in the previous section and compared with experimental observations.
A first order observation might be whether a plasma exists or not, by looking for the presence of
any emitted photons! In practice one is quite aware that a plasma is present, and utilizing absolute
intensity requires additional complexity. A clever technique for avoiding the first order ‘bright-
ness’ scaling, and dealing with higher order effects, uses ratios of line intensities from the same
plasma. Doing so avoids the need for complicated absolute calibration and mitigates the associ-
ated uncertainty. Line ratio spectroscopy is used in this work to access the information that would
normally be lost in the absolute brightness uncertainty.

To understand how collisional radiative modeling can be used with line ratio spectroscopy, con-
sider the line ratio shown in Equation 3.14. Here the discussion relates to neutral argon, which has
two metastable states and the ground state for which densities must be specified, so the 257\4:1 will
run through o = 3. The metastable levels in argon are the ground state, first excited 4s ?[3/2] 2
state, and fourth excited 4s 2[1/2] O state and are notationally indicated as n, n,, and n, respec-
tively. So, under the assumption of quasi-static equilibrium, the line ratio is a function of five
independent variables: the electron temperature 7, the electron density n., and the density of the
three metastable states n, » 4. However, by multiplying the numerator and denominator by a com-
mon factor, e.g. 1/(n.ny4), one variable can be eliminated. The result, given by Equation 3.15,
replaces the three invididual metastable state densities, n; 2 4, With ratios of metastable state den-
sities ny/n4 and ny/ny. It is often the case that metastable state population accounts for greater
than 99% of the neutral density. So, if the relative distribution of metastable state densities can

be determined, the absolute populations may be recovered using simpler techniques such as local
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pressure and temperature measurements.

Aij <PEC exe) (ne, Te)ny, + PECQexc (ne, Te)n, + PEC;XC (ne, T'e) > Ne

e - (3.14)
Emon A (PEC’{e;fn(n( ,Teyn; + PEC’2exc (ne, Te)ns + PEC':)(,e;:fn(nc, Te) ) Ne
ey A (PEijj (ne, Te)™ + PECSS) (n,, Te) ™ + PECSS (n. Te))
i (3.15)
Emon A, (Pch;‘,fn(ne, Te)™ + PECSS) (n,, Te)™ + PECSS) (n, T@))

3.3.1 Selection of Atomic Data

There are many possible sources of atomic data suitable for use in collisional radiative mod-
eling. Some cross sections and rate coefficients can be measured directly [60]. In other cases,
complex numerical techniques are used to calculate the cross section directly from theory [61].
The underlying atomic data used in this work consists of electron impact excitation and dexcita-
tion rate coefficients from a very new R-matrix calculation with Pseudo-States performed by Ivan
Arnold and Stuart Loch at Auburn University. The paper detailing their work has not yet been pub-
lished at the time this thesis was written but much of the detail can be found in Arnold’s thesis [62].
Included in this dataset are the energy levels for each of the excited atomic states of neutral argon
and the Einstein A coefficients for each possible transition. The energy levels have already been
shifted from those calculated by the R-matrix method to the energies found in NIST’s database.
The A coefficients were left as is, but correction factors to scale to the NIST A coefficients were

used as described in the next section.

3.3.2 Identifying Appropriate Lines

To make use of the collisional radiative modeling and line ratio techniques described above,
appropriate lines must be selected. The ideal situation would be to find a pair of lines who’s ratio is
strictly sensitive to a single plasma parameter, like electron temperature or density. Unfortunately

this is unrealistic and in practice each line has some dependence on every variable. So, the initial
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Figure 3.1: Density averaged line ratios the the 795/801 neutral argon lines. The line ratio has been

plotted for several values of ny /ny and ny/ny.

search to find appropriate line ratios started out by averaging over some parameter, electron density
for example, and staring at ~2500 possible line ratios that looked something like that shown in
Figure 3.1. The figure shows the ratio of the 795 nm and 802 nm lines as a function of electron
temperature for different ratios of Z—i and Z—z This 795/802 line ratio appears to be predominantly
sensitive to the 4s 2[3/2] 2 / 4s?[1/2]10 (:—i) metastable ratio and electron temperature up to about
1.5 eV. Above 1.5 eV the high energy tail of the electron energy distribution function is able to
cause sufficient excitation out of the ground state that the ground state to metastable state ratio
becomes important; indicated by the divergence of the different line styles. By selecting four
similar line ratios and solving for the best fit with a non-linear solver, one might think that the
choice of line ratios is arbitrary. In reality, there are a number of reasons to pick certain line
candidates and reject others.

One of the main complicating factors is opacity. Imagine a photon emitted from an atom in the

center of the plasma decaying to the ground state. As that photon makes its way to the plasma edge
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it will encounter many ground state atoms and thus have some probability of being absorbed. A
newly excited atom that absorbed the photon can either decay back to the ground state, re-emitting
the same photon, or decay to a different level, in which case the initial photon is lost and cannot be
detected by the spectrometer. The farther a photon has to travel through a cloud of atoms that can
absorb it — the optical depth — the greater the chance of it being absorbed. The end result is that
plasmas with appreciable optical thickness at a given wavelength will appear to be emitting less at
that wavelength.

Thankfully, there is a relatively simple technique to test for optical thickness. Consider two
emission lines originating from the same excited atomic level but decaying to different lower levels.
If the ratio of a line for which the plasma is the least optically thick is measured with respect to
the one that is most optically thick, the line ratio should increase as the optical thickness increases.
Since the light collected by the spectrometer is due to spontaneous emission this line ratio can
be initially calibrated by calculating the ratio of branching fractions between the two lines. The

branching fraction is defined as

_ Ak—)j
Zk Ak—>k;

where A,_,; is the Einstein A-coefficient, the transition probability between an upper excited state

B (3.16)

7 and a lower state j. The intensity ratio between two lines emitted from the same upper level is

then

Binsg  Aisj
= . A7
Bisk  Aisk G-A7)

By comparing line intensity ratios in MARIA plasmas with tabulated A-coefficients from the NIST,

the opacity of MARIA plasmas can be checked. Dividing ratios of experimental emission lines
coming from the same upper level divided by the ratio of NIST A-coefficients for those same
transitions, a result of 1 indicates that the emitted light is not affected by excessive absorption due

to opacity. Figure 3.2 shows the results for one spectrum from MARIA. The calculated ratio of
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Figure 3.2: A ratio of experimental line ratios to NIST A-coefficient ratios for emission lines

originating from the same upper level equaling one indicates the plasma is not optically thick.

ratios are shown by the dots, and the experimental uncertainty in the A values reported by NIST is
indicated by the blue bar around 1. Points in the blue bar are thus not affected by opacity to within
the error bars listed by NIST. The data in the figure suggest detectable transitions originating from
energy levels below 20 are not significantly impacted by opacity effects.

The data contained in Figure 3.2 can also be used to evaluate the calibration quality as well as
the possibility of blended lines. In the figure, fewer of the line ratios for levels above 40 are equal
to one. This means that either the measured peak in the spectrum is a sum of multiple blended
lines, the calibration is worse for in the wavelength region of those lines, or that these lines are
very optically thick. By consulting the NIST database of Ar I and Ar II lines, the cause is largely
due to blended lines. The emission lines originating at levels above 30 tend to be in the 300-500

nm range and thus overlap with the lower energy lines from Ar II which emit in the 400 nm range.
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Figure 3.2 indicates that working with Ar I lines originating from levels below 20 is relatively
safe and unlikely to be affected by opacity. However, lines originating from levels above 20 must

be handled carefully to avoid blending, calibration, and opacity effects.

3.3.3 Sensitivity of Population Densities

Taking ratios of emission lines in optically thin plasmas is the same as taking a ratio of ex-
cited state densities. From Equation 3.8, the emission intensity is simply the excited state density
multiplied by the Einstein A-coefficient. This fact can be utilized to help identify the atomic lev-
els whose population rates vary the most. By taking spectra at various radii in a MARIA plasma
and dividing the observed line intensities by the appropriate Einstein A-coefficient, the relative
behavior of the level populations is investigated. The data in Figure 3.3 shows the density of the
15 lowest excited levels of neutral argon, normalized to the population density of the 8th excited
level, as a function of plasma radius and magnetic field strength. In the figure, with increasing
radius and magnetic field strength (electron density), the population of levels 7 and 10 appear to
increase with respect to level 8, while other levels stay relatively constant or decrease a little bit.

The data in Figure 3.3a suggests the population of levels 7, 10, and 13 measured with respect
to the population of level 8 have the highest sensitivity to changing plasma conditions. From this
data alone, the population of level 7 appears to decrease with increasing density, which is greatest
on axis. However, the variation with increasing magnetic field strength, which is correlated with
increasing electron density, shown in Figure 3.3b, indicates the opposite trend. From this data
alone, it is not clear whether the variation is due to temperature, density, or both.

By considering how the level populations with respect to the population of level 8 vary as a
function of temperature, density, ground / 4s 2[1/2] O ratio, and 4s 2[3/2] 2 / 4s 2[1/2] O ratio, some

intuition about the atomic state of the plasma can be gained from Figure 3.3a directly. For example,
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Figure 3.4: Theoretical line ratio plots like these can bring insight to the variations observed in
experimental line ratios. The 811 nm / 842 nm line ratio (level 7 / level 8) is plotted here for
several densities at 2.5 eV electron temperature (left), and for several temperatures at 2 x 10® m~3

electron density (right). n; is the ground level, n, is the 4s 2[3/2] 2 level, and ny is the 4s 2[1/2] 0

level.

the variation of the 811 nm over 842 nm line ratio, which originate from energy level 7 and 8 re-
spectively, as a function of these parameters is shown in Figure 3.4. From the figure it appears that
the population of level 7 increases with respect to level 8 with decreasing ground / 4s 2[1/2] O ratios
and increasing 4s %[3/2] 2 / 4s 2[1/2] 0 ratios. Additionally the dependence on electron density is
many times smaller than on the other three parameters. This means inferring electron density will
depend on very small changes in emission intensity line ratios that are difficult to separate from
statistical fluctuations. However, that there is any dependence on electron density at all gives some
hope that the 811 nm / 842 nm line ratio (level 7 / level 8) can be used to extract electron density

information.
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Due to the low temperatures around 1-4 eV typically encountered in MARIA plasmas, exci-
tation out of the ground state is very difficult and only possible due to excitation by electrons in
the high energy tail of the distribution function. As a result increasing the ground / 4s 2[1/2] 0 ratio
generally has the same effect as increasing electron temperature. The result is an inverse relation-
ship between the ground / 4s 2[1/2] 0 population ratio and electron temperature necessary to yield a
specific emission line ratio. This can qualitatively be seen in the right panel of Figure 3.4. The 811
nm / 842 nm line ratio is about 5 at 0.5 eV irrespective of ground / 45 2[1/2] 0 ratio. As the elec-
tron temperature is increased, the ground / 4s 2[1/2] 0 ratio must be lower and lower to maintain a
line ratio of 5. This fact will become more important when comparing experimental line ratios to

simulated ones in the next section.

3.3.4 Emission Line Selection

The ultimate goal is to find lines that are primarily populated by excitation out of only a sin-
gle metastable state. This is basically impossible. However, by carefully studying the electron
impact excitation coefficients produced by Stuart Loch’s group at Auburn University, the popu-
lation mechanism itself can be leveraged to aid the selection process. By considering excitation
out of only the ground, 4s ?[3/2] 2, and 4s ?[1/2] 0 levels into the first first 15 excited levels, the
population process becomes clearer. The excitation rate coefficient out of each of these metastable
levels, normalized to the range [0, 1], for a 2.5 eV plasma is shown in Figure 3.5. The figure
makes it pretty clear that the highest excitation rate out of the ground level is into energy levels
5 and 15 (left blue bars), the highest excitation out of the 4s ?[3/2] 2 level is into level 7 (middle
orange bar), and the highest excitation out of the 4s ?[1/2] 0 level is into level 12 (right green bar).
The excitation rate coefficients out of the two excited metastable states are approximately equal at

2.15 x 107 m3s~!, while excitation out of the ground level into level 5 is 5 order of magnitude
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Figure 3.5: Normalized excitation rate coefficients from the ground level and two excited

metastable levels into the lowest 15 excited levels of neutral argon.

weaker at 4 x 10717 m3s~!. Since decays from level 5 only emit in the ultraviolet, it cannot be
observed with the detection equipment on MARIA which is only sensitive to visible light.

Since the line ratio spectroscopy technique relies on emitted light to infer the population of
lower energy levels, a logical approach is to observe light from levels that are most affected by
changes in the population distribution of the lower energy levels. This connection is made by
the excitation rates. Therefore, photons emitted during decays from level 12 should be sensitive
to changes in the population of the 4s 2[1/2] 0 level, and similarly photons emitted from levels 7
and 15 should be sensitive to changes in the 4s ?[3/2] 2 and ground levels respectively. The three
strongest lines coming from levels 7, 12, and 15 are the 811 nm, 852 nm, and 750 nm lines. The
795 nm line, which also comes from level 12, is actually stronger than the 852 nm line, but using
that line led to very inconsistent results from the LRS algorithm. In the absence of any opacity
effects, as shown to be the case earlier, observing the 750 nm, 852 nm, and 811 nm lines should be

the best combination for extracting relative metastable state ratios.
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Two more lines are necessary to construct the 4 line ratios necessary to constrain the 4 inde-
pendent variables. Since the three lines discussed so far mostly relate to the ground and metastable
state population densities, looking for lines that are sensitive to electron density, n., and tempera-
ture, 7., would be the most useful. It turns out that the 738/842 line ratio has a moderate depen-
dence on electron density, changing from approximately 0.24 to 0.35 from 1 — 10 x 10¥ m~3. No
explicit dependence on electron temperature is included by selecting a specific line or line ratio
but all of the lines have some dependence on electron temperature that should be recoverable by
solving for all dependent variables simultaneously. The 842 nm line was used as a denominator
both because it works well in the case of the 738/842 ratio, but it is also the most equally populated
from the ground and metastable states after accounting for the typical relative population densities.

These transitions are indicated in the partial Grotrian diagram shown in Figure 3.6.
3.4 Line Ratio Spectroscopy Algorithm

The simulated line ratios used for comparison are calculated as shown by Equation 3.18. Ex-
perimental line ratios were compared to theory in a least squared sense as indicated in Equation
3.19, where w; is the inverse square of the experimental line ratio uncertainty. No uncertainty
is assigned to the simulated line ratios determined from theory, but they are scaled by a ratio of

Einstein A-coefficients to their NIST equivalents.

ey Atios (PECS 5(ne, Te) 2t + PEC. 5(ne, Te) 2 + PECEI (e, Te) )

€842.7 As_3 (PEC§?§33(716, Te)i* + PEC’Q(?gC_))g(ne, Te)r> + PEC:JE?;‘C_){%(ne, Te))

7

(3.18)

Xzz = wi(LRi,th - LRi,exp>2 (3.19)

Based on discussions with Stuart Loch’s group at Auburn university, the R-matrix methods used

to calculate the electron impact excitation cross sections are best at calculating the scattering rates
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Figure 3.6: Partial Grotrian diagram of Ar I showing the transitions used in the line ratio spec-

troscopy algorithm. The wavelengths associated with each transition is shown, and the energy

level is indicated to the right of the level line.

of incoming electrons, but are not optimized for calculating level energies or spontaneous transi-
tion rates. Connecting a particular excited level with the proper energy associated with that level
is extremely important for calculating the emitted photon energies and ionization thresholds. The
wavelength of an emitted photon, ), is directly calculated from the difference in energy between
the states involved in the transition, E; — E;, by A = hc/(E; — E;). If the energies are not correct,
identifying state transitions from observed emission lines in the plasma would be nearly impossi-

ble. Similarly the difference between the ionization threshold and the energy of a particular level
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directly affects the energy required to ionize an atom by electron impact. Calculating ionization
rates with incorrect energies will yield erroneous ionization rates. Lastly, the spontaneous transi-
tion rates, i.e. the Einstein A-coefficients, allow the photon emission rate to be calculated from
the excited state population. Any innacuracy in these transition rates will degrade the agreement
between theoretical line ratios and experimental ones. In the calculation of the rate coefficients,
the energies were already shifted to the NIST values as described in Arnold’s thesis [62].

Many of the transition rates calculated by the group at Auburn agreed with NIST values within
20%-30%. However, that level of disagreement is outside the quoted uncertainties of many of
the transition rates for neutral argon listed in NIST’s database. When comparing experimental
line ratios to line ratios calculated from PECs, the PEC sourced line ratios were multiplied by the
correction factor of C' = Anrsr/Appc.

The basic solution algorithm proceeds as follows:
1. Define a set of line ratios.

2. Initialize a set of 500 random combinations of ns, 7., Z—}l, and % within predefined domain

bounds as starting points.

3. Compute the total squared error — Y x? (Equation 3.19) — for each point and save the 5

points with the least y? value.

4. Allow each test point to seek the best fit by minimizing > x? using a heavy ball gradient

descent method using n., T, Z—i, and Z—i as fitting parameters.
5. Return the plasma parameters for the test point with the least > x?2.

If the gradient descent optimization is terminated early, the shape of the Y x? function for
a particular spectrum can be visualized. Figure 3.7 shows one local minimum and the global

minimum to one such Y x? function for the Z—i ratio. The 2 difference between these minimums
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Figure 3.7: Terminating the gradient descent optimization early lets us peek at what the > x?

function looks like. The 3 x? function has multiple local minima, two of which are shown here.

is only about 8%. It is important to note that for this particular solution, the statistical fluctuation
in the best fit >_ x? due to the uncertainty in the experimental line ratio is on the order of 50%.
So, even though a global or even a local minimum can be found for any particular experimental
line ratio, the gradient of the Y x? function is sufficiently shallow that a family of statistically
significant solutions exist.

Indeed, if the level populations for the two possible solutions indicated in Figure 3.7 are plotted,
the negligible difference between the two possible solutions is clear. Figure 3.8 shows the level
populations for the 6th through 15th excited levels of neutral argon calculated at the two local
minima shown in Figure 3.7. The two solutions, indicated by the squares and triangles, lie right on
top of each other despite a 1.5 eV difference in electron energy.

By plotting the ‘best fit’ g values with respect to the best fit 7, values, as shown in Figure 3.9,

the apparent scaling of the ground/4s 2[1/2] O ratio with temperature is evident. For a given ‘best
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Figure 3.8: There is no discernible difference in the relative level populations determined from the
two local minima indicated in Figure 3.7. Solution 1 has an electron temperature of 2.11 eV and
a ground/4s 2[1/2] 0 ratio of 1.78 x 10°. Solution 2 has an electron temperature of 3.68 eV and a

ground/4s 2[1/2] 0 ratio of 2.81 x 10%.

fit, values for the ground/4s ?[1/2] O ratio and electron temperature can be taken from this curve

with minimal impact to the quality of fit.



46

106 5
\\
10° o ® e .
= ] e
5= Sosee
o=
Sl B, A [
< ® [
®eoe go0 o
10% o ° ¢
103 T T T T T T T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Figure 3.9: Terminating the gradient descent optimization early also shows how the

ground/4s ?[1/2] 0 population ratio depends on the electron temperature.
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Chapter 4

Laser Induced Fluorescence of Neutral and Singly Ionized Argon

Laser induced fluorescence (LIF) was introduced in section 2.3. This section will dive deeper
into the theory underlying the LIF process and describe a method of measuring flow velocities
that leverages the symmetry of the Zeeman effect. The first few paragraphs of this section are a
repetition of section 2.3, but have been included again here for clarity.

The initial goal of the LIF measurement is to find the first moment of the velocity distribution

function (VDF):

(V) = /_OO VF(V)dV 4.1)

o0

where f(V) is the normalized velocity distribution function, and V' is magnitude of a particle’s
velocity in the direction of the laser.

The LIF scheme used to measure properties of the VDF describing a population of argon ion
atoms is shown in Figure 4.1. Atoms initially in state ‘1’ can be pumped to state ‘2’ by absorbing
photons emitted by a laser. The strength of this interaction can be monitored by collecting the
fluorescence light emitted during the decay from state ‘2’ to state ‘3’. As explained below, the
intensity of fluorescence light will be proportional to the number of atoms able to absorb the laser
light and undergo a transition, which is found by the convolution of the VDF with the laser spectral

profile:
I x /OO f(V)xg(V)dV 4.2)

where g(V/) is the linewidth of the laser in velocity space and the * indicates a convolution.
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Figure 4.1: 668.614 Ar II LIF Scheme.

In a magnetized plasma, the Zeeman effect breaks the degeneracy of the atom’s energy levels
according to the interaction strength between the atom’s magnetic moment and the background

magnetic field. The energy shift for each level is given in Equation 4.3.
AE = (nljm;|H.|nljm;), (4.3)

where the Zeeman Hamiltonian, ]:AIZ = upg;J - B, and the Landé g-factor,

J+1) +s(s+1) —1(1+1)
2j(G+1)

g =1+ : (4.4)

are assumed to have their usual expressions.

The effect of this energy splitting on the 4p*Dj, and 3d*F,, levels involved in the pumping
process is shown in Figure 4.2a. By subtracting the energy shift of the upper levels from the lower
levels, the shift in the frequency of laser light required to cause a transition can be calculated as

shown in Equation 4.5:

psB

L 4.5)

AVAj:j:I = [(92 - gl)mJ}? + gl]

For a small volume of atoms under investigation, the fraction of atoms with a certain magnitude

of their total angular momentum oriented along the magnetic field line will be not be equal. As a
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Laser Detuning (frequency)

Figure 4.2: The Am; = %1 dipole selection rule combines with Zeeman splitting to produce two
groupings of transition lines labeled o and o~, shown in part (a). The figure in part (b) shows the
envelope (red dashes) created by the convolution of all the lines (black lines) with a Maxwellian

velocity distribution function.

result, the intensity of individual Zeeman transitions will be different. The relative intensities of

the Zeeman lines are given by Condon and Shortley as [63]:
. . . . 1. .
|(nljm;|P|n'l'j — 1m; F 1)|* = [(nlj|P|n'l'j — 1}\25(3 +m;)(j£m; —1) (4.6)

The frequency shifts and relative intensities are shown by the black lines in Figure 4.2b. The
mirror symmetry about v = 0 seen in the figure for the Am; = =£1 transitions is a direct result of
the +g; term in Equation 4.5. The fundamental transition frequency from the 3d*F s state to the

4p“Ds 5 state is then directly between the two o™ and o~ groupings.
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As the laser is scanned across the transitions, the LIF signal is proportional to the fraction of
atoms making the Am = +1 and Am = —1 transitions and is thus weighted by the appropriate

relative intensity:
o GEm)GEm - 1)
L2 Em) (G Emy - 1)
The LIF signal is then given by the total VDF, which is the sum of contributions from each of

4.7)

the Zeeman transitions:

Lot o /OO ZAi [fi(v + Vei) xg(V) | dV (4.8)
where Zl is over all —J < m; < J quantum numbers, f; is the velocity distribution function for
atoms with angular momentum quantum number m;, V. ; is the apparent velocity offset introduced
by the Zeeman effect frequency shifts given in Equation 4.5, and ¢(V') is, again, the line shape of
the laser in velocity space. The Doppler effect relates the apparent velocity shift introduced by the
Zeeman effect frequency shifts.

V, = cAv, /g 4.9)
where Av, is the frequency offset given by Equation 4.5, 1 is the fundamental transition frequency
of an atom with zero velocity, V, is the apparent velocity of the atom, and c is the speed of light.

If the laser line width is sufficiently narrow, and can be considered to be a delta function,
Equation 4.8 then becomes:

Lot o< > Aif (V + Vi) (4.10)

If the Doppler relation from Equation 4.92 is substituted into Equation 4.10, the intensity of the

LIF signal in frequency space due to the sum of Zeeman components becomes:

c
Loy X Z Aif (V_()(AV + Aym)) (4.11)
where 1 is the fundamental transition frequency for the transition from state ‘1’ to state ‘2°, Av is

the difference between the fundamental transition frequency and the laser frequency, and Av, ; is

the Zeeman frequency shift given in Equation 4.5.
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Taking the first moment of this ‘LIF distribution function’ gives:

/ ZAuAf( AV+AVZZ)> dAv (4.12)

Using the change of variables, Av' = Av + Ay, ; pulls the frequency offset out of the distri-

bution function:

(Avy =" / AVA; f (%Au’) dAV =) " Av. A /

—00

f (iAy’> ANV (4.13)
Vo
By summing over both Am = +1 and Am = —1, the second part of Equation 4.13 sums to

zero. By definition ) |, A; = 1, and the flow velocity can be recovered by:

(V) = = (Av) (4.14)

Vo
This fact was also briefly mentioned in Edrich’s doctoral thesis, but the implications on the flow
velocity were not explored nor utilized [64]. Edrich was focused on extracting ion temperatures
and showed that a correction for the Zeeman effect is required.

By way of example, a one dimensional Maxwellian velocity distribution is given by:

B (V— Vf)2
Vin

where V};, is the thermal velocity and V} is the flow velocity, (V). Here the particle’s velocity

av (4.15)

is V, = V 4+ V;. Including the frequency offset for the Zeeman components and substituting

the Doppler relation again yields a relation describing the fraction of atoms absorbing at a given

frequency:
A;c cAvy — Vv + cAyzi>2
Av)df = ————exp |— : dAv 4.16
J(Av)df Z v Vin/m P ( voVin )
The first moment then becomes:
A;cAv cAv — Vivg + cAv, ; 2
(Av) / ( ! ) dAv 417
Z VOVth\/_ voVin (17
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Using the change of variables v' = cAv — Vi + cAv,; yields:
V2
a < voVin >

VfVO VfVo
A \% — Av,;, = Av,; 4.19
(Av) = cl/thh\/_yO /T Z g Z v (4.19)

Then, from Equation 4.14:

dv/’ (4.18)

A; <,
<AV> = ; W /_OO(V + VfVO — CAVZ’Z‘) exp

& C
(V) = {8y = Vy = 2 ) A (4.20)

Recall from Equation 4.5 that Av has symmetric A; = +1 and A; = —1 components. So,
Equation 4.20 can be rearranged to show how the o and o~ grouping of the LIF signal contribute
to the first moment of the VDE. As shown in Equation 4.21, the first moment of each grouping
is one half of the total flow velocity plus a perturbation due to the Zeeman effect. By finding the
midpoint between the groupings, the Zeeman effect perturbations cancel and only the unperturbed

flow velocity remains.

1 c 1 c
V=5~ o > Avaj) + S\ " > Avaji) “.21)

Finding (V') as shown in this example using a Maxwellian velocity distribution function is
only strictly true if underlying VDF is symmetrical, like a Maxwellian distribution. However,
the first moment of the LIF signal, (v) = [ vLIF(v)dv, will still yield Av and (V') can still be
determined from Equation 4.14 even when the velocity distribution function is not symmetric.
The only requirement is that the spectral range of the LIF scan is sufficient to cover all Zeeman
transitions. Eliminating the need to worry about the magnetic field strength and the particular
shape of the LIF spectrum and how it affects the fit is the primary benefit of using the midpoint
between the two Zeeman groupings.

Some attention must be paid to the spectral distribution of the fluorescence transition in addition

to the absorption transition. One might be concerned that by pumping atoms to a different state the
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plasma equilibrium is sufficiently disturbed that the plasma cannot respond quickly to the square
wave laser excitation pulses causing a deviation of the LIF response from linear proportionality.
However, the LIF process can be approximated as steady state under the assumption that the time
constants associated with the atomic transitions are much smaller than the observation time. The
relaxation times can be approximated as 7 ~ (3. neqi; + Y. Ai—;) "', where n, is the plasma
density in units of m~3, gi—; 1s the electron impact excitation rate coefficient in m?3/s, and A is

!, For plasma densities in the range 10°m=2 — 10%m3,

the typical Einstein A-coefficient in s~
electron temperatures in the range 1-100 eV, and atom temperatures in the range .1-3 eV, the
excited state lifetime is on the order of tens to hundreds of nanoseconds. This is much shorter
than the kHz chopping frequency and the 10s of seconds it takes to scan the pump laser across the
relevant range. Thus the fraction of pumped atoms undergoing a radiative transition from state ‘2’
to state ‘3’ will be linearly proportional to the pumping rate. Furthermore, since the atom remains
in a magnetic field during the transition from state ‘2’ to state ‘3’, the spectral distribution of the
fluorescence photons is also affected by the Zeeman effect. If the full spectrum of fluorescence
light is collected by using a filter with a wide enough bandwidth, then all of the individual Zeeman
contributions from the emission process will be collected and accounted for. Therefore the LIF
signal is linearly proportional to the absorption spectra, and the details of the fluorescence transition
become unimportant.

To evaluate the reliability of using this midpoint technique, a more traditional fitting procedure
is undertaken. This procedure consists of using the more accurate Voigt profile to fit each set of
LIF data, using the thermal temperature and Doppler shift as fitting parameters. The shift due to
the Zeeman effect is accounted for by using the measured magnetic field strength values shown in

Figure 4.3. Since only one curve is needed to obtain a measurement in this case, fitting both the

o* lines yields two estimates of the flow velocity.
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Figure 4.3: Axial magnetic field profile in the MARIA device. Measurements were taken in the

region from 0 to 20 cm.

The ion velocity measured by using both the midpoint method and the verification process
is shown in Figure 4.4. The techniques agree well with one another, with both seeing the same
approximately exponential increase in flow velocity with decreasing distance from the boundary
plate. Because the verification is done by measuring the magnetic field and fitting a convolved
profile to each of the o and o~ groupings, two estimates of the flow velocity can be made for
each axial location. Both of these results are shown for each location in Figure 4.4. The lack of
perfect agreement between the two flow velocity measurements from the fitted convolution could
be due to an imperfect measurement of the magnetic field at this location, or a fitting error. Using
the midpoint method, which does not require measurement or knowledge of the local magnetic
field strength, leads to measurements of the the flow velocity with reduced uncertainty and are thus

the more accurate result.
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Figure 4.4: The flow velocities measured by fitting the convolved profile to the LIF signal and
by using the midpoint technique with a Gaussian fit yield nearly identical results. Fitting the
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plotted. Uncertainties are shown more clearly on the inset image. Here, a positive velocity means

motion in the direction of the laser k vector (towards the plate).
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Chapter 5
Experiment

5.1 The MARIA Helicon Device

Experimentally studying helicon plasmas would be a difficult endeavor without a device that
can produce helicon plasmas; enter the Magnetized AnisotRopic Ion-distribution Apparatus (MARIA).
MARIA is the evolution of the device used in a previous graduate student’s research [65]. The cur-
rent version, depicted in Figure 5.1 is 2 m long with a maximum magnetic field strength of 1000
G and 10 kW of available RF power. The chamber is constructed of borosilicate glass tube with an
inner radius of 7.5 cm. The gas inlet and vacuum pump are located on the same end of the chamber
while the axial magnetic field is pointing towards the ‘blind’ end away from the gas source.

A CAD rendering of the MARIA device, shown in Figure 5.2, gives a better indication of
the spatial arrangement of the device. The plasma chamber is constructed from borosilicate glass
crosses with the main bore being 14 cm in diameter and two smaller tubes perpendicular to the
main bore that are 10 cm in diameter. These crosses permit flexible installation of diagnostics such
as the Langmuir probe seen on the device’s left side. The helicon antenna is located between the
two magnets closest to the vacuum pumps, while the boundary plate referenced in this work is
located at the far end of the chamber, labeled ‘Target Chamber’ in Figure 5.1. The magnetic field
is oriented along the axis pointing away from the vacuum pumps (to the upper left in the figure),
and this direction is referred to as downstream. A primary benefit of the glass chamber is that

its transparency permits collection optics to be placed virtually anywhere along the chamber. The
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Figure 5.1: The gas source and pumping are located on the same side in MARIA. A floating
boundary plate is placed downstream of the antenna in the target chamber area. Fiber coupled
laser light is shown down the axis of the device while fluorescence light is collected perpendicular
to the magnetic field. An RF compensated Langmuir probe is placed 2/3 the length of the chamber

from the pump and about 1/3 the chamber length from the antenna.

LIF collection telescope can be seen mounted on rails above the device, and the array of optical
fibers collecting light for the spectrometer can be seen in the view on the right. However, care
must be taken when observing through the chamber wall as it can be coated by metals sputtered by
the intense plasma and alter the glass transmission spectrum. Additionally diffraction caused by

nonuniformities in the glass walls can reduce the spatial resolution and accuracy of measurements.

For most of the results shown in this paper, the RF system consists of a water cooled solid
state 10 kW CW generator that is coupled to the 14 cm long m = +1 helical antenna through
a 7 matching circuit, except with the output capacitor in series with the load instead of parallel

with it. The RF generator contains built-in directional couplers that permit real-time monitoring of
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Figure 5.2: MARIA is a 1.2m long device with a peak axial magnetic field of 1000 G and 10 kW

of available RF power. The chamber is a 7.5 cm radius borosilicate tube.

the forward and reflected power. Despite 10 kW of available RF power, cooling constraints limited
power levels to less than 1 kW for the vast majority of this work. A cooling upgrade was completed
on March 20, 2019, and some data presented in this thesis made use of up to 4 kW of RF heating
power. A further upgrade to a water cooled antenna will be needed to enable CW operation up to
the full 10 kW.

Typical MARIA plasmas are in the range of 5 x 101" m=3 to 1 x 10* m~3 for Prg < 1.8 kW
and magnetic fields B < 1000 G. Langmuir probe measurements, shown in Figure 5.3, indicate
the characteristic linear scaling of electron density with magnetic field above 500 G [66]. Figure
5.4 shows the relative change in emitted light intensity as a function of magnetic field strength for
neutral and ion lines. The 422.8 nm Ar II ion emission line, shown in red, shows an approximately

linear intensity increase beyond 450 G which qualitatively indicates the linear scaling of density



59

lon density vs. magnetic field strength

T T T T
R (214.5)x10 T-1m=3
B -
1,5 ‘
— 1 Helicon Mode é \
A .
@ 10 -
o
=
®
©
3 05 o
c
o
Hib "
o Capacitive Mode
HIH
0,0 -y
0,02 0,04 0,06 0,08

Magnetic field strength (T)
Figure 5.3: Langmuir probe measurements of the electron density as a function of the magnetic

field strength show the linear scaling characteristic of the plasma helicon mode [66].

with magnetic field strength in this 700 W plasma. The appearance of argon ion emission lines
aligns with the sudden jump in electron density shown in Figure 5.3 at about 450 G. Additionally,
the initial rise in neutral argon emission intensity up to 300 G followed by gradual decay hints at
the increasing ionization rate.

While the various diagnostics are a good quantitative means to investigate the plasma, a major
advantage at MARIA is that the plasma can be seen visually with the naked eye thanks to the
glass chamber construction. At low magnetic field strength, 200 G or less, the plasma is typically
quite bright near the antenna but takes on a very diffuse character down stream of it. The plasma
also appears to have a ‘hollow’ center that does not radiate strongly. This mode of operation is
attributed to a capacitive power coupling mode. At higher magnetic field strengths, usually in the
range of 350-450 G, a distinct radiative core develops in the plasma. The pinkish color attributable
to neutral argon emission, and confirmed by spectroscopic measurements lacking significant argon

ion emission, indicates a neutral dominated plasma with low ion fraction. As soon as the very rapid
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Figure 5.4: Spectral measurements in MARIA plasmas also show a transition to linear scaling of

ion emission beyond about 450 G. After this transition there is a distinct decrease in the neutral

argon emission.

jump into the helicon mode takes place a distinct blue core, owing to argon ion emission, starts to
develop. Initially the blue core is somewhat faint, growing progressively brighter as the magnetic

field strength is increased. This progression is shown in Figure 5.5.
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Figure 5.5: As the magnetic field strength increases, the visual character of MARIA pasmas
evolve. From top to bottom: 250 G low density capacitive coupling, 350 G 2x higher electron

density inductive coupling, 938 G 10x higher density helicon mode.
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5.2 Narrow Bandwidth LIF System

The usefulness and theory underlying LIF is discussed at length in Chapter 4. The hardware
implementation and details regarding the data analysis techniques are discussed here.

The optical arrangement used in this work is depicted schematically in Figure 5.6a and the
hardware is shown in Figure 5.6b. The LIF system consists of a 668 nm Toptica DL100 diode
seed laser amplified by a Toptica BoosTA tapered amplifier, producing a final power output of
420 mW, which is shined along the axis of the device. The beam is passed through two 10%
beamsplitters, with one portion going to a Burleigh WA1000 wavemeter and the other portion
passing through a molecular iodine gas reference cell before terminating in a Coherent Model 240
Spectrum Analyzer. The remaining laser power is passed through an optical chopper, coupled to
a 50 pm optical fiber and routed to the plasma chamber. The light exiting the optical fiber is first
collimated, passes through a linear polarizer, a A/4 wave plate, and a quartz window before passing
through the plasma. The laser beam terminates in a beam dump built into an in-plasma boundary
plate. Right-hand or left-hand circularly polarized light is produced by rotating the \/4 wave plate.

Fluourescence light from the plasma is collected by a telescope, focused onto the end of an
optical fiber, and shined on a ThorLabs PMMO01 photomultipliter tube (PMT) after passing through
a 1 nm bandpass filter. The PMT signal is routed to a Stanford Research Systems SR510 Lock-In
Amplifier to extract the signal from the strong background radiation.

For radial LIF measurements, the laser is shined radially through the plasma, instead of along
the axis. In this configuration the laser light is propagating perpendicular to the magnetic field,
and increased signal to noise ratio is gained by linearly polarizing the laser light in the direction
of the magnetic field and pumping the 7 lines of the Zeeman effect. The 7 transitions, for which

Am; = 0, have intensities twice that of the o lines.
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b.) Overview of the optical table layout used in this work.

Once the laser is tuned to the right wavelength, the absolute wavelength reference is taken
from the iodine reference cell, not the wavemeter, thanks to increased precision. To account for
variations in laser output power, the laser light intended for the wavemeter was shined instead on
a photodiode. The LIF response data can then be normalized to the laser power such that accurate
comparisons can be made between the intensity of different sets of data which may have had

slightly different laser power due to changes in the tuning.

5.2.1 Data Reduction and Analysis

The analysis consists of three primary phases: characterization of the pump laser source and
relative wavelength calibration, absolute wavelength calibration, and curve fitting. Each of these
steps was performed on each set of data. The process of determining the wavelength of the absolute
wavelength reference was only performed once, but in each dataset the appropriate peak had to be

identified.
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Figure 5.7: While the ramp input for the laser frequency tuning and the oscilloscope used for
measurement are linear in time, the response of the actual laser frequency to the ramp input is not

linear. This non-linearity must be accounted for during data analysis in order for models to be

properly fit to the data.

5.2.1.1 Relative Laser Frequency Calibration

During the actual LIF measurement, the seed laser is scanned over a range of approximately 15
GHz in the vicinity of the argon atom fundamental transition frequency by a 0-5V ramp input over
about 100 seconds. The wavelength tuning of the seed laser is not quite linear, so an initial scaling
must be made in order to recover true VDF profiles. The correction is made possible by a Coherent
Model 240 confocal Fabry-Perot etalon with a 1.5 GHz free spectral range. The etalon acts as
an ultranarrow bandpass filter, with a repeating transmission maximum every 1.5 GHz. By fitting
the spectral width between each of the etalon transmission peaks with a cubic spline, a correction
function for the nonlinearity is realized. The actual laser detuning vs. the detuning desired via the
ramp input as measured by the etalon is shown in Figure 5.7. The deviation between the true and

expected frequency grows towards larger desired frequency, becoming significant above 10 GHz.
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5.2.1.2 Absolute Wavelength Reference

Although the etalon provides an accurate means to measure relative frequencies within a laser
scan, it provides no information about the absolute frequency of the laser. The method of using a
diatomic iodine gas reference cell described by Keesee et al is followed as an absolute frequency
reference [29]. However, the wavelength of the prominent peak around 668.614 nm is subject to
some controversy. Keesee et al report the wavelength of the prominent peak to be at 668.6144
nm, while Woo et al report a wavelength of 668.6126nm [67]. This discrepancy could result
in an absolute velocity difference of 807 m/s. By reflecting the laser off of a reflective surface
in the plasma, an LIF signal was obtained from a laser beam with the opposite k as shown in
Figure 5.8. The flow speed in lab coordinates in the same observation volume should be identical
irrespective of sign of k. This method was used in this work to reevaluate the appropriate iodine
reference wavelength for argon ion measurements. To build up some statistics for the reference
wavelength, the appropriate wavelength was calculated 7 times over a range of plasma parameters
and the average was found to be 668.61272 nm =+ 2.56 X 1075 nm, similar to Woo. The individual
calculated values are shown in Figure 5.9. The average value is indicated by the thick black line,
and the location of the peak is indicated by the arrow in the frame to the right.

A similar process was used to further constrain the wavelength of the peak near the neutral
argon LIF wavelength of 667.6125 nm. Unfortunately, the neutral argon atoms move much more
slowly compared to the ions. Performing the same analysis used for the ion line yielded inconclu-
sive results since the k - V and —k - V signals were indistiguishable. This made it impossible to
identify two different peaks. A different approach was thus used for the neutral line. By shining
the laser radially through the plasma, the laser light coould be reflected off of a mirror and the same
type of analysis can be implemented. By covering the mirror in a non-reflective material, an LIF

signal for k - V alone could be measured. By uncovering the mirror, the —k - v component could
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Figure 5.8: The laser used in the LIF process was reflected off a partially reflective surface in the
plasma chamber. By capturing the LIF response for the beam propagating in both directions, both

the k - V and —k - V terms can be measured.
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Figure 5.9: The wavelength for the prominent molecular iodine peak used for calibrating the singly

ionized argon LIF measurements was found to be 668.61272 nm =+ 2.56 x 107 nm.
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Figure 5.10: The LIF response for both the k - V and —k - V terms. To find the —k - V term,
the k - V had to be subtracted from the signal containing both components. In this way the iodine
reference wavelength could be refined such that the speeds for both components were equal in

magnitude, but opposite in sign.

be subtracted from the combined signal, and the iodine reference wavelength could be adjusted to
again yield a consistent speed.

Figure 5.10 shows the LIF curves with and without the reflected laser component. The —k - V
component, shown in the dot-dashed line style, was found by subtracting the k - V component
found without reflection, the red curve, from the combined signal, the teal curve. Due to low
flow velocities less than 10 m/s, this measurement was very sensitive to small perturbations like
temperature and plasma activity. To gain greater confidence in the iodine reference wavelength,
this measurement was made 8 times, with the results shown in Figure 5.11. An average value
of 667.91687 nm 4 1.6 x 1075 nm was found to be the appropriate wavelength and the location
is indicated by right frame of the figure. The uncertainty in the reference wavelength yields an

absolute velocity uncertainty of 7.2 m/s.
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Figure 5.11: The wavelength for the prominent molecular iodine peak used for calibrating the

neutral argon LIF measurements was found to be 667.91687 nm 4 1.6 x 10~° nm.

5.2.1.3 Curve Fitting

Once the frequency scale is re-linearized and calibrated, the LIF signal can be analyzed. Figure
5.12 shows a typical set of raw data captured by the PMT for both the ¢ and o~ polarizations
along with the molecular iodine and etalon signals. The o curve in Figure 5.12a is shown in blue
while the o~ is shown in red.

Although the LIF signal can be fit by a simple Gaussian function of the form:

I(f') = Aexp {—CO" ;;ffof]

0V,

(5.1)

each 0™ and o~ LIF profile is not strictly a pure Gaussian function, as discussed in Section 2.3.
Since the magnetic field strength is not large in this work, the spacing of the individual Zeeman
lines is much closer together than the broadening due to the Doppler effect and the thermal veloci-
ties. Therefore the six individual Voigt profiles merge into a single broad peak. The green curve in
Figure 5.13 shows the slight additional broadening from convolving a Gaussian distribution (blue)

with the Zeeman lines. In this case, fitting the LIF profile with a pure Gaussian leads to a 10%
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Figure 5.12: Collection of raw data obtained during a typical frequency scan. The profiles for the

o" and o~ lines are shown in a.), while the emission profile from the iodine reference cell is shown
in b.). The etalon transmisison peaks, spaced at regular 1.5 GHz intervals, are shown in c.). The

data shown here have been corrected for non-linearities in the laser tuning.

overestimate of the ion temperature. This 10% difference in the ion temperature is due to the cor-
rection for the additional broadening introduced by the Zeeman lines and predicted by Edrich in
his thesis [64]. Figure 5.14 shows the ion temperatures measured along the magnetic axis as the
ions are accelerated towards a boundary plate. Both curves show the temperature increasing as
the ions get closer to the plasma boundary followed by a dropoff. However, red points show the
extent to which fitting the curves with a pure Gaussian curve overestimates the ion temperature.
The fitting process followed a typical least-squares algorithm using the center frequency v and the
ion temperature 7; as the fitting parameters.

Due to the differing intensities of the individual Zeeman lines, the least squares fitting places the
fit of the Gaussian curve and the convoluted curve at slightly different locations. The disagreement
in peak location is typically on the order of 5 MHz in this device. This yields a velocity disagree-

ment of 4 m/s. To reiterate, due to the mirror symmetry of the o and o~ lines, the Doppler shifted
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Figure 5.14: Fitting the LIF signal with either a pure Gaussian curve (red points) or a convolved

curve (blue points) yield the same general trend. However fitting with a pure Guassian curve

overestimates the ion temperature by approximately 10%.
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Domain.

center frequency found using the midpoint method described in Section 4 will be unaffected by
this slight shift in the fitting process, even when fitting with a pure Gaussian. However, this is only
strictly true if underlying VDF is symmetrical, like a Maxwellian distribution. For other devices
with higher magnetic fields or non-Maxwellian VDFs, this effect becomes more pronounced and
fitting with a pure Gaussian function is no longer accurate. The first moment of the LIF signal,
(v) = [VLIF(v)dv, will still yield the Doppler shift, Av, and (V') can still be determined from
(V) = ;-(Av), even when non-symmetric VDFs are measured in stronger magnetic fields. Elimi-
nating the need to worry about the magnetic field strength and how it affects the fit is the primary
benefit of using the midpoint between the two Zeeman groupings.

Irrespective of the underlying shape of the LIF response, the lock-in filter introduces another
asymmetry as a result of a first order low pass filter used in the output stage of the device. In-
creasing the time constant of the low pass filter results in smoother data, but at the expense of an
asymmetric distortion and a time shift. Both of these effects are particularly troublesome because
the output of the lock-in amplifier is compared with data not affected by a time shift to determine
the flow velocity. It is thus important to accurately account for the effects of the low pass filter

used in the lock-in amplifier.
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A simple resistor-capacitor (RC) low pass filter is shown in Figure 5.15. The series resistor is
labeled ‘R’ and the parallel capacitor is labeled ‘C’. The output voltage will be the input voltage

minus the voltage drop through the resistor,

Vout = Vin — IR, (5.2)

where [ is the current flowing through the resistor with resistance 1. The current flowing through

the capacitor is proportional to the time derivative of the voltage across it,

av
I1=C—. 5.3
7 (5.3)

Combining these two equations yields
dVv

Vouwr = Vi — RC—. 54
¢ 7 (5.4)
Discretizing the derivative as ‘il—‘; = %, and exchanging variables Sout; = Vour,i and Sy i = Vinis

gives a recurrence relation that can be used to simulate the output of the filter for a given input.
AT here is the time interval used by the digitizer when acquiring LIF data, and .S; is the measured

signal at each point.

Ar

Souti = WSini + (1 — a)Souti-c1 = RO+ Ay

(5.5)

The value of At is determined by total sweep time (typically 100 s) divided by the number of data
points acquired (2500 here), and RC' is the time constant of the filter. Figure 5.16 shows the effects
of increasing the lock-in amplifier’s low pass filter time constant. The same LIF measurement was
performed multiple times, changing only the time constant of the filter. The total sweep time of the
laser was 100 s in all cases. For longer filter time constants, the effect of the filter is to lower the
amplitude of the LIF response, shift it towards lower frequencies, and severely distort the shape.
However, as indicated by the black fitted curves, the effect was able to be accurately reproduced

by Equation 5.5.
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Figure 5.16: The effects of the lock-in filter low pass filter is easily seen by acquiring LIF data
at the same position and under the same conditions, changing only time constant. The fit to the
data in each case, black curve, demonstrates that the effects of the low pass filter can be accurately

accounted for.

5.3 Passive Spectroscopic System

Spectroscopy is an extremely valuable tool in plasma physics. Thanks to the temperatures in-
volved, nearly all plasmas emit radiation due to electron impact excitation. Exactly which atomic
levels get excited and to what degree depends on the density and energy distribution of the elec-
trons. As a result, all of the information concerning the state of the plasma is encoded in the
spectral emission. A spectrometer is the tool used to access this information.

The workhorse spectrometer used on MARIA is a 500 mm Czerny-Turner grating spectrometer
manufactured by Princeton Instruments. The spectrometer has a turret with three gratings that can
be selected to produce spectra with varying degrees of resolution. The highest resolution spectra
are acquired using a 1800 groove/mm holographic grating blazed at 500 nm giving a resolving

power of 7100. Two lower resolution 1200 groove/mm gratings with a resolving power of 5700
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are available: one blazed at 500 nm, and one blazed at 300 nm. The detector is a PIXIS 256E
CCD camera from Princeton Instruments, a back-illuminated open electrode camera that can be
thermoelectrically cooled down to -70 deg C. It features a quantum efficiency of >20% from 250
nm up to 950 nm. The dispersed light from the grating can also be directed to an exit slit where
any kind of detector may be mounted. In this work, a PMM-01 photomultiplier tube from Thor
Labs was typically mounted there.

The spectrometer wavelength was calibrated using the Princeton Instruments IntelliCal system
and by a OL-455 NIST traceable integrating sphere irradiance standard from Optronic Laborato-
ries. The IntelliCal system comes with mercury vapor and an Ar/Ne plasma sources integrated into
one unit. Emission lines from these sources were compared with reference spectra from Princeton
Instruments to calibrate the wavelength in air at standard temperature and pressure. The wave-
length calibration was an automated routine developed by Princeton Instruments. The intensity
calibration procedure was developed in-house using a MATLAB API interface for the Princeton
Instruments Lightfield software used to control the spectrometer. The intensity calibration proce-

dure is thoroughly explained in Appendix A.
5.4 RF Compensated Langmuir Probe

The distortion introduced in the I-V curves of swept Langmuir probes by radiofrequency heat-
ing can lead to an overestimate of the measured electron temperature. RF compensation of the
probe tip is one method for removing the effect of the time varying plasma potential and is well
described by I.D. Sudit and F. E. Chen [54, 68]. The basic idea is to decouple the tip of the Lang-
muir probe from the rest of the circuitry at RF frequencies through the use of RF chokes. A large
‘compensation’ electrode placed near the probe tip is used to collect sufficient electrons to drive the
probe tip at the RF frequency and follow the oscillating plasma potential. The compensation elec-

trode is coupled to the probe tip through a small capacitor such that it appears to be a direct short
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at the RF frequencies of interest, but does not allow a DC current to flow to the measurement elec-
tronics. RF compensation has been used on multiple helicon experiments by several researchers
with acceptable results [69, 70, 71].

A CAD model of the probe construction is shown in Figure 5.17. The body of the probe is a 6
mm diameter 316 stainless steel tube. A 6 cm length of alumina ceramic tubing makes up the tip of
the probe body and is exposed to high density plasmas. The probe tip is constructed from a 0.5 mm
diameter tungsten rod and is inserted into bores of the alumina rod. The tungsten tip is crimped
to wires using a thin stainless steel tube. The compensation electrode is made up of a 6 mm wide
.01 mm thick tantalum foil wrapped around the tip of the alumina rod. A thin strip of tantalum is
passed through one of the remaining bores in the alumina rod and connected to one side of a 1.5
nF capacitor. The other side of the capacitor is soldered to the wire connecting to the tungsten tip.
Two inductive chokes, with resonant frequencies of 13.5 Mhz and 27 Mhz, are connected to the
capacitor-tip junction. The signal wire from the inductors is passed down the stainless steel probe
body, out through a vacuum tight BNC feed through, and to the probe electronics via coax cable.

The probe sensing circuitry is a simple circuit built around two operational amplifiers (OP-
AMP). A schematic of the circuit is shown in Figure 5.18. The circuit works by biasing the probe
tip, shown on the right side of the figure, with a 100 V programmable power supply, shown on the
left side. The current collected by the probe is measured by the AD629 OP-AMP from the voltage
drop across the 10 €2 resistor. The real probe voltage is monitored by the voltage drop across the 1
M resistor which is part of a 10x voltage divider.

Despite a careful attempt to apply the principles of RF compensation to the probe construction,
it is unfortunately not possible for the probe to be perfectly compensated under all conditions.
As the density changes, the sheath thickness and capacitance can change the properties of the

effective probe circuit and degrade the effectiveness of the RF compensation. Measuring the I-V
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Figure 5.17: Single tip Langmuir probe sensing circuity as implemented at MARIA.

curve below the floating potential, where RF oscillations have a minimal impact, has been shown
to be the best practice for extracting electron temperature measurements [18].

If an accurate I-V curve can be obtained from the Langmuir probe, it has been shown that the

dl  d*I

g W) are proportional to the electron energy distribution function

first and second derivatives <
(EEDF) [51, 72, 39]. This approach has yielded acceptable results when applied to other helicon
devices and is used when evaluating electron temperatures on MARIA in some cases [69]. Figure
5.19 shows a typical semi-logrithmic plot of the I-V curve, and the electron energy probability
function (EEPF) evaluated using the second derivative method [73]. The deviation from linearity
below Te (1.4 eV) in the EEPF is a result of the mathematical approach used and is not physical.

The deviation from linear between Te and ~5 eV is believed to be due to still insufficient RF

compensation. The deviation in the EEPF is the same as that in the I-V curve between 45-50 volts.
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Figure 5.18: Single tip Langmuir probe sensing circuity.

An important consideration to keep in mind is the effective dynamic range of the plasma den-
sity. The size of shunt resister for the Langmuir probe and the size of the probe tips must be
carefully chosen to be durable when measuring high density plasmas without causing excessive
disruption to the plasma. The small probe size and low shunt resistance, 15 €, establish a lower
limit beyond which insufficient current is drawn for reliable fitting. The lowest density able to be
measured in this work was about 1 x 106 m=3.

This current version of the RF compensated single Langmuir probe has yielded the best results

to date on MARIA plasmas. Achieving ideal RF compensation is an art form, as evidenced by
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Figure 5.19: Taking the second derivative of the I-V curve yields a curve that is proportional to the
electron energy probability function (EEPF). This technique has been used to evaluate the electron

temperatures presented in this paper. The temperature measured here is 1.4 eV. The data is shown

with blue dots while theoretical curves for 1.4 eV are shown with red lines.

Chen’s discussion on the subject with respect to helicon discharges [54]. As discussed above RF
oscillations of the Langmuir probe IV curve appear as a shallower slope when plotted logrithmi-
cally. While this probe is a dramatic improvement over an uncompensated probe, some oscillation
is still believed to occur closer to the electron saturation region. The effects of this oscillation is
seen as the deviation from the linear slope, indicated by the red line, between bias voltages of 45
V and 55V in the left panel of Figure 5.19. While there is still room for improvement, this probe

is used as the primary benchmark for electron temperatures and densities measured on MARIA.
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Chapter 6
Results

6.1 Operational Parameter Space in Helicon Plasmas

As mentioned in Section 5.1 MARIA represents a significant upgrade from Dr. Siddiqui’s re-
cent PhD work [74]. Not all of the infrastructure upgrades occured at the same time and elements
of it, such as the RF system, evolved during the course of this research. Even during the writing of
this thesis, MARIA was receiving cooling system upgrades to extend CW operation up to 10 kW.
Understanding the operational range of parameters where the helicon mode appeared to propagate
was vital in the development of such a repeatable and stable device, and revealed the ideal con-
ditions under which the particle and momentum balance measurements, explained in Section 6.3,
should be made.

The first set of obvious measurements to acquire were the range of electron temperatures and
densities that could be achieved and with what parameters. To accomplish this, a systematic set
of Langmuir probe measurements were made at a range of magnetic field strengths, RF heating
powers, and neutral gas pressures. The RF power was varied from 100 W to 1000 W, magnetic
field strength varied from 200 G to 800 G, and pressure varied from 1.4 mTorr to 2.4 mTorr. The
parameters were maintained in a region where MARIA could be operated for up to 10 minutes.
Higher RF power could be used, but until early 2019, cooling capacity limited the duration of

the plasma to a few seconds. In all cases the probe measurements were made on axis 800 mm
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downstream of the antenna, about mid length between the antenna and the downstream boundary
plate.

The abrupt jump into the helicon mode can be seen in Figure 6.1 by the factor of two to three
increase in electron density followed by a steeper n./B slope. In these measurements, taken on
axis, the RF power is indicated by the different curves and magnetic field strength is indicated
along the horizontal axis. An inverse relationship between the power and magnetic field strength
required to propagate a helicon wave is evident. At very low RF power, 100-200W, before the
helicon wave can propagate, power is capacitively coupled to the plasma which only exists very
close to the antenna and an insufficient current is collected by the Langmuir probe for reliable
fitting [75]. At higher RF power, 300-400 W, and moderate magnetic field strength, 200-500G,
power is inductively coupled to the plasma and the magnetic field is able to confine the electrons
enough for them to propagate downstream of the antenna and be measured by the Langmuir probe.
However, the very low current collected still prevents reliable fitting. As the RF power increases,
a more intense plasma is created and more of the low energy bulk electrons are able to propagate
away from the antenna and be measured. Finally at higher RF power and magnetic field strength a
sufficient electron density for the helicon wave to propagate is reached and ionization takes place
down stream of the antenna. At this stage significant quantities of electrons are being produced
closer to the Langmuir probe and a high density low temperature plasma is measured.

The increasing electron density with increasing magnetic field strength shown in Figure 6.1a is
truly a remarkable characteristic. For each trace shown in the figure, the RF power was held con-
stant during the magnetic field scan. In the case of the 700 W scan, the electron density increased
from 4 x 10'” m~3 at 200 G to 4.36 x 10'® m~2 simply by increasing the magnetic field strength.
That’s over an order of magnitude increase in electron density, with no increase in applied RF
power! In all cases the reflected power was less than 10 W, indicating very efficient RF coupling

to the plasma. Glancing back at the OD power balance, a 700 W plasma with 10 eV electrons
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Figure 6.1: The electron density and temperature range of operation for MARIA plasmas. The

jump into the helicon mode is evident by the factor of three increase in electron density, e.g.

between 500 G and 600 G at 600W. Ion saturation currents below 0.5 mA, corresponding to an

electron denisty of 10'” m~2 could not be fit reliably and are not shown.
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yields a density of 4 x 10" which agrees very well with the measurement at 300 G. The same
power plasma with an electron temperature of 3.0 eV yields an electron density of 9.5 x 10*® m~=3,
roughly a factor of two higher than the measurement at 800 G. However, between 400 G and 800
G the electron temperature only drops from 3.5 eV to 3.0 eV. The order of magnitude increase
in electron density over the same range is the effect of the helicon wave increasing the ionization
rate dramatically. The ionization mechanism itself is not discovered, but the real ionization rate
increase is measured and presented in this work.

The plasma was typically not in the helicon mode below 450 G, and was a reliable high density
helicon plasma above 700 G. As laser induced fluorescence of argon ions will be used throughout
this work to investigate the flux of ions in the plasma, a sufficient density of ions must be present.
The threshold for the argon ion LIF scheme used was about 1 x 10'® m™3. As seen in Figure 6.1a,
the transition into the helicon mode occured fairly reliably at 450 G for an RF power of 700 W.
At this power the plasma could run for up to 20 minutes, and could reach densities in the range
of 5 x 10'® m=3 with sufficient range to establish decent scaling of densities, particle fluxes, etc.
with magnetic field strength. For these reasons, this work focuses on magnetic field strengths in
the range of 450-900 G, with a fixed RF power of 700 W.

Curiously a limit appears to be reached in Figure 6.1a. At RF powers beyond 700 W, no
further increase in electron density is measured. This suggests some kind of saturation exists where
sufficient RF power is available to increase the ionization rate, but some other factor becomes
limiting. One possibility is the ion fraction on axis is already very high and insufficient neutral
particles are able to reach the axis to increase the density. If this is true, a sort of radial flat-top
electron density profile is expected. In this case, further increases in RF power would increase
the radial extent over which a high ion fraction extends without further increases to the electron
density on axis. Another possibility is that sufficient power is available to meet the ionization rate

required to generate the appropriate electron density to satisfy the dispersion relation.
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Figure 6.2: Radial variation of electron temperature and density for various magnetic field

strengths. Typical electron temperature uncertainties are indicated by the 938 G trace.

If it is true that not enough neutral particles are available on axis to sustain higher electron
densities, varying the neutral fill pressure might have some effect. To investigate this, Langmuir
probe measurements were taken on axis at 700 W and 700 G for various fill pressures. The electron
density shown in Figure 6.3a appears to peak just above 2 mTorr. At lower fill pressures insufficient
neutral particles may be present to sustain the high ionization rate and electron density. Above this
optimal point, excessive electron-neutral collisions likely lead to the cooler electron temperatures
seen in Figure 6.3b. The lower electron temperatures are likely an indication that the ionization
rate is negatively impacted.

The simple parametric exploration and analysis presented here indicates that a sort of Goldilocks
combination of neutral pressure, magnetic field strength, and RF power is required to achieve a
broad high density helicon mode plasma. As any one of these parameters are adjusted, so too must

the others in order to maintain optimal coupling efficiency. The principle goal of this work is to
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Figure 6.3: To observe how the electron density depends on the gas fill pressure the plasma was
operated at different pressures. The peak electron density appears to be at about 2 mTorr for an RF

power of 700 W and magnetic field strength of 700 G.

investigate the particle and momentum balance and shed light on the processes that conspire to

limit the ultimate electron density.

6.1.1 Repeatability

A tremendous amount of work involved in the research presented here was put into ensuring
that MARIA is able to create robust and repeatable plasmas. Due to the low cooling capacity
installed during much of this research, a 30-40 minute cool-down period was required after every
5-10 minutes of data taking. High quality research could not be performed if identical plasma
conditions could not be reliably created each time the plasma was re-lit.

To investigate the reliability of MARIA operation, Langmuir probe measurements were taken
every time the plasma was reestablished while acquiring the LIF magnetic field scans presented in

the next section. The discharge to discharge variation of electron density and temperature is shown
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Figure 6.4: During the LIF measurements presented in the next section, Langmuir probe measure-

ments were taken each time the plasma was turned off and on again, to allow cooling.

in Figure 6.4. As discussed above, the plasma made the transition into the helicon mode near 450
G, and could be a bit unstable depending on the condition of the chamber and concentration of
lingering impurity gasses such as nitrogen. The electron density increase from 1 to 1.8 x 10*® m~=3
between measurement 2 and 3 at 450 G indicates the plasma made the jump into the helicon mode
during these measurements. Above 500 G the helicon mode of operation was reliably reached
with standard deviation less than 10% and typically around 5% within a magnetic field set. The
electron density data for the 550 G case was especially variable with a standard deviation of 6.7%.
The cause of this is unclear.

Another interesting confirmation of MARIA’s repeatability was found by taking radial Lang-
muir probe data before venting the chamber, shortly afterward while the chamber was still condi-
tioning, and 48 hours after the vent when the chamber was again well conditioned. These scans
are shown in Figure 6.5. In the data taken shortly after the vent, some water vapor was probably

still on the chamber walls and impurity gasses like nitrogen were likely present. The increased
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Figure 6.5: Taking Langmuir probe measurements before and after venting the chamber confirmed
that plasma conditions could be reliably duplicated. The operating parameters were 700 W of RF

power, 700 G magnetic field strength, and 2.0 mTorr neutral pressure in all three cases.

radiation from these impurities limited the performance of the helicon mode and the electron den-
sity suffered. However, after 48 hours had elapsed with periodic cleaning discharges and constant

vacuum operation the plasma performance recovered fully.
6.2 Atomic Population Measurements in Argon Fueled Helicon Plasmas

Applying the line ratio spectroscopic technique to plasma can provide valuable insights into
the electron density and temperature of the plasma as well as the relative populations of atomic
energy states that would otherwise be difficult to acquire. By rotating the collection optics to
acquire light from chords at different radii, and calculating the inverse abel transform, the line
ratio spectroscopy algorithm was used to measure the radial variation of various plasma properties.
The variation of electron density and temperature as well as the relative population of the ground to

4s 2[1/2] 0 level ratio and 4s 2[3/2] 2 to 4s 2[1/2] 0 level ratio is shown in Figure 6.6. The electron
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density exhibits the same profile as the Langmuir probe measurements shown in Figure 6.2, with
the highest density on axis and a Gaussian looking profile. However the absolute value differs by
a factor of between 3.5 and 7, the Langmuir probe measuring peak electron densities of 5 x 10*®
m~3 (at 750 G and 700W) and the LRS diagnostic reporting a value of 3.5 x 10' m™3. The
electron temperature matches the Langmuir probe data in Figure 6.2 quite well, even capturing the
slight peaking of electron density on axis. The Langmuir probe is located at 1091 mm so is most
comparable to the spectroscopic data at 1297 mm. The relative metastable state population ratios
are a new measurement that cannot be corroborated at this time.

The poor agreement between electron density determined from the Langmuir probe vs the
LRS diagnostic is still an open topic of investigation. While the LRS diagnostic is not yet reliable
enough for its intended use, the framework set up to implement it, the spectrometer and analysis
tools, can still be used to gain valuable insights into the behavior of the atomic populations. Efforts
to identify the possible reason for the poor density agreement are presented in the rest of this
section. These investigations include evaluation of the fitting algorithm performance and detailed
analysis of the transitions used and the population process for their originating atomic levels.

Using the LRS algorithm to infer plasma parameters while varying the magnetic field, shown in
Figure 6.7, appears to show the exact opposite electron density trend compared to Langmuir probe
measurements in Figure 6.2 and LIF data in Figure 6.13c. From LIF measurements, the electron
density clearly peaks at an axial position between 680 mm and 1100 mm down stream of the
antenna. Additionally, as the magnetic field strength is increased, the electron density increases. In
Figure 6.7 a peculiar feature that may yield insights into the cause of disagreement is that the shape
of the axial electron density profile appears to agree reasonably well with the LIF data below 550
G or so, with a peak electron density near the axial position of 600 mm. Above 550 G, the LRS

algorithm yields a density minimum where the LIF measurement find a density maximum. This
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Figure 6.6: The gradient descent line ratio spectroscopy technique is capable of inferring valuable
information about the plasma. Here is the electron density is an order of magnitude higher than
the Langmuir probe measurements, while the electron temperature is approximately the same. The

LRS technique is capable of providing information regarding the metastable state densities.
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Figure 6.7: A clear scaling with magnetic field strength is visible in the electron density data
inferred by the LRS algorithm. Unfortunately the scaling, high and low magnetic field strength

and low at high field strength, appears to be the exact opposite of that shown in Figure 6.2.

suggests that at high magnetic field strength, and therefore at high electron density, some atomic
process is not being correctly captured by the model.

The poor agreement at high magnetic field strength between the LRS and LIF diagnostics
doesn’t appear to be an inability of the LRS algorithm to find an optimal fit to the data. Figure 6.8
shows a simulated emission spectrum (blue lines) overlaying an experimental spectrum at 550 G
and 900 G. The quality of the fit between the simulated line intensity and the experimental data
for both cases at an axial position of 577 mm is very good. Here the inferred density at 550 G
is 3.9 x 10* m~3, and the inferred density at 900 G is 1.32 x 10'® m~3, while Langmuir probe
densities were 4.0 x 10'® m™ and 5.5 x 10'® m~ respectively.

In the course of this research, the the particular behavior of the 4p 2[1/2] 0 level (level 15)
stood out. Figure 6.9 shows the population of level 7, 10, and 15, normalized to the population

of level 8, found by the collisional radiative model as a function of electron density, assuming the
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plasma is in equilibrium. A typical measured population ratio is shown by the dashed horizontal
lines. The level ratio trend vs density for level 15, low at high density and high at low density,
is particularly interesting because it seems to disagree with measurements. Figure 6.10 shows
the population density for level 15, normalized to level 8, as a function of axial position. The
slight rise in the population of level 15 between 600 and 800 mm would suggest a lower density
here, but in fact the LIF data indicates the opposite. Level 15 is predominantly populated both
directly and via radiative cascade from excitation out of the ground state. At equilibrium the
population rate of level 15 with respect to level 8 is relatively insensitive to electron temperature.
The only conclusion then is that an increase in the population of level 15 with respect to level 8 is
due to changing metastable fractions. While a match can be found using the LRS algorithm, the
photoemissivity coefficients sourced from the collisional radiative model seem to consistently over
predict the population density of level 15, especially at densities that agree with Langmuir probe
measurements.

An obvious response to the possible discrepancy in behavior of the 4p 2[1/2] 0 level is to simply
not use it in the LRS algorithm. However, the 750 nm emission line that originates on that level
is a good monitor of the ground state population because it is populated by direct excitation out of
the ground state as well as step-wise excitation from the 4s 2[1/2] 1 level (which is also populated
from ground state excitation). So, the 750 line and the population of the 4p 2[1/2] 0 level is very
important when trying to constrain the ground to metastable state density ratio. Unfortunately none
of the other lines easily detectable in the visible range of the spectrum are similarly populated by
direct excitation from the ground state. In future work, refining the population mechanisms for this
level will be very important.

Some important population mechanism at high density appears to be missing from the col-
lisional radiative model. Recombination would be an obvious first choice. However, including

ionization and radiative recombination using the Exchange Classical Impact Parameter (ECIP)
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Figure 6.11: Relative contribution to the energy level population from each of the major populating
mechanisms. The contributions of electron impact excitation from the ground, 4s 2[1/2] 0(1s3), and
4s 2[3/2] 2(1s5) levels are indicated by the red, green, and blue bars respectively. The contribution
from radiative recombination would be shown in purple, but the contribution is so low that it is not

visible in the figure. The measured relative populations are shown by the black circles.

approximation contributes minimally [76]. The relative contributions from each of the major pop-
ulating mechanisms for a particular LRS solution is shown in Figure 6.11 for the lower level states
of neutral argon. The lack of any visible purple bar clearly shows the negligible contribution from
radiative recombination. Excitation out of the ground and 4s 2[3/2] 2 level clearly dominate the

excitation process from the size of the red and green bars.
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6.3 Particle and Momentum Balance in Helicon Plasmas

As mentioned previously, a major goal of this work is to gain insight into the particle and
momentum balance in a helicon plasma. Significant work has been undertaken to investigate the
apparent depletion of neutral atoms on the axis of a helicon device [77, 28, 12, 78]. A few of
these researchers have even suggested possible causes of this depletion. However, a complete
understanding of the particle and momentum balance in helicon plasmas is missing. In compar-
ing numerically calculated electron temperatures and densities from simulation with experiment,

Carter et al state,

The plasma source is a complicated function of electron temperature and density
as well as the densities of any neutral species in the device. These quantities are not

well known spatially and are very difficult to model [9].

In their paper studying the dynamics of neutral depletion in helicon plasmas, Magee et al state,

The coincident accumulation of neutrals at the edge and Langmuir probe measure-
ments, which show much faster electron dynamics, suggest that this depletion is due

not to ionization but to neutral expulsion [12].

Improving the collective scientific understanding of helicon plasmas clearly must address the fun-
damental mechanisms which lead to the depletion of neutrals on axis and establish the ultimate
electron density that can be reached.

Measuring the ion and neutral fluxes which are established by the relevant sources and sinks
would yield new information that could provide answers to these questions. In particular the
evolution of these particle fluxes are measured as a function of increasing magnetic field strength,
which is the primary input for increasing the electron density in helicon plasmas. Navigating the

complexity of this topic was aided by simplified mass and momentum conservation equations.
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Each of the terms in the conservations equations was investigated by combining experimental
information from the LIF system, RF compensated probe, passive spectroscopy, and the collisional
radiative model discussed earlier. This section begins with an introduction to the general mass and
momentum balance equations and the assumptions used in this work to simplify the model to one
dimension. A detailed set of direct LIF measurements of the particle fluxes are then presented and
their relationship to the terms in the conservation equations is discussed. Finally a few more LIF
measurements are presented which check the validity of the assumptions made in simplifying to

the one dimensional case and their implications are discussed.

6.3.1 Mass and Momentum Balance Equations and Assumptions

The two basic equations that Carter et al simulated and Magee et al were considering are the

mass and momentum conservation equations, shown in Equations 6.1 and 6.2 respectively.

% +V - (Vn) =5(x) (6.1)
AY
mn (E+V-vv) =) F (6.2)

on
98t5

The mass conservation equation equates the temporal buildup of mass in a control volume
and the flow of mass out of the volume, V - (Vn), with the strength of the mass source in the
volume, S(x). Here the terms are on a per volume basis, so the mass is represented by a density,
n. The flow velocity, V, is the first moment of the species velocity distribution function, (V). The
momentum conservation equation equates the temporal change of momentum, mnd/ot(V), and
the advection of momentum, mnV - VV, in a control volume to the sum of the forces acting on
the material in the control volume, »  F. Advection is a confusing term but simply refers to the
transport of a quantity through a control volume by bulk motion. A leaf moving down a river by

floating on top of the water is being advected down the river by moving with the bulk motion of

the water.
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While Equations 6.1 and 6.2 are complete descriptions, they’re much too complex to be used
here directly. A few assumptions can simplify things dramatically. First, since the plasma durations
and observation times in this work are on the order of minutes and instabilities are not the primary
focus here, the steady-state assumption is made — the 9/t terms go to zero. Second, the plasma is
cylindrical, with unit vectors 7, Z, and é, and is assumed to be axisymmetric — any 0/0¢ terms go

to zero. Equations 6.1 and 6.2 then simplify to the 2D mass and momentum conservation equations

0 10
&(n\/z) + ;E(rn%) = S(r,z) (6.3)
V2 .
mn |2y D )y (D Do Yol g
or 0z r or 0z r

" (VT% ¥ VZ%) z} ~SF. 64
Here the simplified mass conservation implies that material originating in the source region with
some radial and axial extent, S(r, z), will leave the volume in which it is created only in the axial
and radial directions, Z and 7 respectively. The flow directions, acounted for by the sign of the
velocity, V/, is particularly important. The axial position of interest, z, can be either side of the
volume containing the source. If a single source is creating matter, a positive source, the flow of
matter will be in the positive direction on one edge of the source volume, and negative on the other.
While a negative radial position can be considered, the signs will cancel and only positive radial
positions are discussed. As a result, the same positive material source can only create flow in the
positive, or radially outward, direction.

The momentum conservation equation is considerably more complex, even after simplifying to
2D, but some intuition can be established in the following way. Consider the leaf floating on the
river discussed earlier. The leaf, and the water advecting it along, has some momentum associated
with it, mnV,. If all of a sudden a stiff gust of wind blew across perpendicular to the direction

of fluid flow (this perpendicular direction is analogous to the radial direction 7), the leaf and the
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surface of the water advecting it would gain some perpendicular velocity, V,.. Comparing the
perpendicular velocity at the leaf’s location just after the gust to the perpendicular velocity just
before the gust, one would say the leaf’s perpendicular velocity is not constant along the river’s
path Z, i.e. dV,/dz # 0. The force of the wind in the 7 direction, F,., imparted some velocity
to the flow in the perpendicular direction, V., at a rate proportional to flow of momentum, mnV.;
F. = mnVZ%. Each of the terms in the 2D momentum conservation equation are similar: an
external force imparts a velocity in the direction of the force’s application proportional to the rate
fluid momentum is introduced into the domain of the force. A few terms, such as the V¢2 /T term
come from the definition of del operator in cylindrical coordinates and the chain rule. The full

dvr\ _ Ve
do - r

Vyd/d¢ term we threw out was Vﬁ‘gg, but V. = rVy, so V¢%d(gg¢) = ng% <V¢ +

Even these equation have far more terms than could possibly be systematically measured in
any reasonable amount of time. In open magnetic field line geometries, as is the case in this work,
parallel flow speeds are significantly faster than in the direction perpendicular to the field lines.
In such cases the parallel thermal and electrical conductivity governs the transport solution and,
to first order, radial terms may be neglected. Applying the assumption that radial transport is
negligible results in the 1D mass and momentum conservation equations shown in Equations 6.5
and 6.6. These assumptions dramatically reduce the complexity of solving the relevant transport
equations and makes experimental measurements tractable. This is the operating assumption in
this work, but measurements in the radial direction were also made and are presented to check the

validity of the assumptions made.

0

a(an) = 5(2) (6.5)
oV,
manE - Z F,. (6.6)

To make Equation 6.6 a bit more useful, the source and strength of the possible forces acting

on the fluid need to be considered. While some forces can be intuited, such as pressure gradients,
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many more forces are possible in plasmas, like forces exerted by electric fields, and collisions.
Equations 6.1 and 6.2 are more accurately derived by taking velocity moments of the kinetic equa-
tion with the Fokker-Planck Coulomb collision operator. The resulting set of equations are the Bra-
ginskii fluid equations which naturally accounts for collisional effects [79]. The typical solution
continues by solving for the heat fluxes, q, and the viscous stress tensor, 11, using the Chapman-
Enskog approach [80]. This approach, while accurate, is extremely involved and not used here.
Instead, Stangeby derives a simpler set of equations in one dimension by taking moments of the
kinetic equation of a spatially one-dimensional velocity distribution function in an unmagnetized
plasma while retaining the Fokker-Planck Coulomb collision operator. That approach is used here
as it captures the dominant features in the one dimensional case assumed here. A brief overview of
the derivation is included here, with the Z direction replaced with the Z notation used in this thesis,
while the full derivation can be found in Stangeby’s text [81].

The 1D kinetic equation is given as

o cEor o
R Ov, Ot 'coll

+ S(z,v), (6.7)

of

s Bt ’coll describes

where f(z,v,,v,,v,) is the velocity distribution function, F is the electric field
the change made to the distribution function through collisions, and S(z,v) is the source rate.
The mass conservation equation, Equation 6.5, is obtained directly by taking the first moment of
Equation 6.7, i.e. multiplying by dv = dv,dv,dv, and integrating.

The momentum conservation equation is found by multiplying Equation 6.7 by muv.dv and
integrating through. However, as Stangeby points out, since our interest is in fluid equations, it
is instructive to separate the random velocity of an individual particle, u,, from the bulk velocity

of the fluid V' such that v, = u, + V. Here, the bulk velocity, V', will only be directed in the 2

direction, but the subscript will be left off to distinguish it from the true particle velocity in the z



99

direction v,. The resulting moment equation is

d d d E
—/m@MM"QKﬁMJM+—W/mﬁwﬁ—/mﬁﬁM:
dz dz dz m v,

/mvzg dv—i-/vaS(z,v) dv (6.8)
ot coll

The left hand side of the equation yields

d 2 _d 2

7 /muzf dVv = - (mn(uz>) (6.9)
iQV/mugcf dV =0 (6.10)
dz

iW/mMV:iwmﬂ (6.11)

dz dz '
b mvzﬁ dV = —eEn (6.12)
m ov,

In Equation 6.9 Stangeby implicitly assumes the distribution function is Maxwellian, thus
defining (u?) = kT /m, which makes mn(u2) = nkT = P the pressure. Stangeby further differ-
entiates between parallel and perpendicular temperatures which yields parallel and perpendicular
pressures, p; and p . This will be particularly important in this work in that parallel pressure
gradients, %pﬂ, are often a dominant force giving rise to parallel flows. Additionally, parallel and
perpendicular pressures and temperatures can be measured independently in MARIA plasmas with
the LIF system, and may not be equal to each other. Equation 6.11 is simply the dynamic pressure,
or momentum associated with the fluid flow. The final term, Equation 6.12 is the force imparted
on the ions by any electric field that develops.

The terms on the right hand side of Equation 6.7 give the momentum exchange by collisions,
and the momentum gained/lost by ionization. Stangeby identifies three dominant terms contribut-
ing to momentum exchange. The first is the drag caused by ion neutral collisions. The formulation
used is the exponential decay of a flux of hard colliders, I', as they travel through a cloud of ob-

dr

jects with density n,,: &- = —n,ol". This formulation yields a mean free path between collisions
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Amfp = (n,o)~! where o is the characteristic cross-sectional area of the target particles. The
mean time between collisions is thus 7 = A, s,/v. For a Maxwellian distribution of particles this
term must be averaged over the Maxwellian velocity distribution yielding the average collision
frequency v = (77') = n,(ov). The second term from the collision operator is similar to the
ion-neutral collisions, but for ion-electron collisions. The details of calculating the ion-electron
collision frequency, v,; are left out for brevity but can be found in Stangeby’s text. The final term
relates to any electron temperature gradients that may exist in the plasma, d7,/dz. Again, the de-
tails neccesary for its development are complex but physically hot electrons collide less frequently
with ions than do cold electrons. This means electrons on the colder side of an ion exchange
more momentum with the ion than from the hot size and generate a force in the direction of the
temperature gradient.

Combining all these terms together yields the 1D momentum equation for an unmagnetized

plasma with Coulomb collisions given in Stangeby’s text:

d -
a(mmv2 +pi) —ebn = —m;(V; = Vi,)oVipn,n

(V. = Vo

e

+0.71n (dkTe>
dz

(6.13)

Unfortunately, despite the trying to simplify as much as possible, most of the terms on the right
hand side of Equation 6.13 still cannot be measured directly on MARIA. What can be measured
is the flow momentum (or dynamic pressure) term, mnv?®, the static pressure, pj; = n;kT;, and
the source rate S,(z). In the absence of any collisions or electric fields, the sum of the static and
dynamic pressure would be a constant value along the axial direction of the device. Within the

assumption of 1D transport, any deviation from a constant value would then be the result of some
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external force acting on the plasma. By observing the location and strength of these deviations,
first steps can be taken to better understand the fluid dynamics at play in a helicon plasma.

A particular benefit of doing this research on MARIA involves the neutral gas source and
vacuum pumping arrangement. As described previously, the MARIA device is a cylindrical glass
chamber in which gas is both introduced and pumped away at the same end of the chamber. This
arrangement results in a uniform neutral fill pressure since no pressure gradient along the main
chamber is established by the vacuum system. This is beneficial to the study of particle flows
because any flows or pressure gradients measured during the plasma discharge are driven by the
plasma itself, and not a background neutral particle flow.

The following subsections will introduce an emperical scaling between electron density and
the LIF signal that will be essential to inferring the spatial variation of electron densities. The
measured flows and densities relevant to the mass conservation equations are presented in Sub-
section 6.3. Utilizing the insights gained from the flow measurements, deviations from constant
total pressure are assessed and the implications for the momentum balance are discussed. Finally,
radial flow measurements are taken to check the validity of neglecting radial transport in deriving

the conservation equations, and to investigate the importance of radial fueling and exhaust.

6.3.2 Scaling of LIF with Electron Density

The principle tool used to investigate the particle flows in MARIA is LIF. As described in Sec-
tion 4, LIF works by using laser light to excite atoms in some initial state to a higher excited state
and then recording the fluorescence light emitted as the atoms spontaneously decay from the upper
state. It was shown that this process, and the intensity of the LIF signal, will be linearly propor-
tional to the population density of the initial atomic state. The plasma processes that dictate the
population density of the pumped level are complex, but could in principle be solved for using the

collisional radiative model described in Section 3.2. However, in this particular case an empirical
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scaling between the argon ion LIF intensity and electron density was established by taking LIF
measurements at the same location as the Langmuir probe.

The relationship between electron density as measured by the Langmuir probe and the argon
ion LIF intensity with the LIF laser aligned both along the chamber axis and perpendicular to
it is shown in Figure 6.12. A power law equation of the form n = ca®, where z is the LIF
intensity, was found to be the best fit to the data. The fact that this is not quite linear, and a power
law is a better fit to the data than a straight line, suggests that the population mechanism for the
metastable state being pumped has some additional variation with density. The axial LIF to density
scaling measurement was taken immediately before taking the axial LIF data, and radial scaling
immediately after taking the radial LIF data. Between the two sets of measurements a vacuum leak
was discovered and repaired. The long operation at high density, greater than 340 total hours for
the LIF data alone, takes its toll on the chamber conditions. Cleaning of the chamber during the
repair likely led to the improved chamber conditions and higher electron densities for the radial

LIF data.

6.3.3 Axial Particle Balance

Utilizing the LIF signal to electron density scaling, the LIF diagnostic becomes much more
useful for interrogating the plasma. By taking LIF measurements along the axis of MARIA, the
change in ion flux as a function of magnetic field strength can be directly measured. According
to the 1D mass conservation equation, Equation 6.5, taking the divergence of the flux yields the
ion source rate. To achieve this, the argon ion LIF intensity measurements were converted to an
inferred electron density, n;, and multiplied by the directly measured flow velocity, V, to yield the
ion flux, n;V,. The derivative was then computed to yield the ionization source rate.

An overview of data derived from the LIF measurements is shown in Figure 6.13. For refer-

ence, the center of the 140 mm long antenna is located at an axial position of 210 mm, and the
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Figure 6.12: Electron density vs argon ion LIF intensity scaling for axial and radial LIF measure-

ments.

downstream boundary plate is located at 1684 mm. The argon ion LIF intensity is shown in panel
6.13a, and the trend of increasing intensity with increasing magnetic field is obvious. The loca-
tion of the ion LIF intensity peak is centered around an axial position of 1000 mm indicating the
maximum electron density is in that region. The argon ion LIF measurement requires a sufficient
density of ions to achieve a measurable signal so regions of low LIF intensity indicate a region of
low ion density. For some measurements, specifically at 210 mm, the signal was indistinguishable
from the background noise and no data is plotted.

Converting the ion LIF intensity to electron density, n;, yields the spatial distribution of electron
density and is shown in panel 6.13c. Here it becomes clear that the electron density does in fact
increase approximately linearly with the applied magnetic field strength, especially between 1000
mm and 1600 mm. The deviation from linear scaling at 210 mm and 680 mm indicates poor

agreement with the helicon dispersion relation in this region. Additionally the continued electron
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density growth downstream of 680 mm suggests bulk ionization is not occurring at the antenna but
further downstream.

The parallel ion flow velocity, V; ., measured directly by the LIF diagnostic on the chamber
axis is shown in panel 6.13b. The velocity zero crossing near 850 mm clearly indicates an ion
source in that region, and the nearly exponential increase in velocity leaving the plasma near the
boundary plate is likely due to the magnetic pre-sheath in that region [65].

The parallel ion flux, T'; ., is calculated by multiplying the ion velocity by the inferred den-
sity and shown in panel 6.13d. The flux increases nearly monotonically with greater downstream
distance from the antenna and increasing magnetic field strength. The slight flattening, and slight
decrease for magnetic field strengths between 550-750 G, is a curious feature that is discussed in
Section 6.3.5.

Finally, taking the divergence of the ion flux, dI';/dz, yields the ionization source rate, S(z),
shown in panel 6.13e. A clear positive ionization source is seen between 450 mm and 1480 mm.
The ionization rate is independent of magnetic field strength up to 865 mm, and increases with
magnetic field strength further downstream. An unfortunate side effect of the spatial resolution
available in this plot and the scatter in the data is that taking the derivative of this discreet data
amplifies the scatter.

A couple trends in particular stand out in the graphs in Figure 6.13. First, the peak of the
axial density profile seen in panel 6.13c starts around 850 mm for low magnetic field strength, and
shifts downstream closer to 1100 mm with increasing magnetic field strength. Second, the electron
density at 680 mm initially increases with magnetic field strength but appears to hit an upper
limit around 750 G while the downstream density continues to increase with further increases
in magnetic field strength. This shift suggests a shift in the region where the most ionization is

occurring.



105

(a) (b)
i 1500 -
_ %007 BIG] B [G]
= 700 4 - 4500 -+
.y 600 - —4— 500.0 — 1000 4 =
‘ —&— 5500 E —+
8 500 1 = 650.0 - e
= 100 4. =& 7500 ‘3 500 1 —4—
== i S
= 5 850.0 3 = =
= 300 1 —¢— 9380 . —-—
o
= ) 0 -
200 - =
g =
20 100
< 0 —500
T T T T T T T T T T T T
(©) 250 500 750 1000 1250 1500 (d) 250 500 750 1000 1250 1500
5 ><1018 ><1021
B [G] B [G]
4 —$— 450.0 | —$— 450.0
“F— 5000 2T = 5000
c«‘T —$— 550.0 n —$— 550.0
g 31 =& 6500 NS —$— 650.0
> —$— 750.0 lE LT 5= 7500
Z 5 —$— 850.0 = —$— 850.0
5 F—4— 9380 E 0 —5— 938.0
N i
_]_ -
0 1 1 1 1 1 1 1 1 1 1 1 1
(e) 250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
x 1022
1 x 1021
- B [G] 4
I —e— 450.0 5
@ 37 —e— 5000
£ —e— 550.0 2 1 -
g, —4— 650.0 1
& —e— 750.0
0 -
9 —e— 850.0
§ 1 —o— 938.0 —1 -4 T T T T T
» 400 600 800 1000 1200 1400 1600
S
§ 04 E——
g
o
S
_1 T T T T T T T
200 400 600 800 1000 1200 1400 1600

Axial Position [mm)]

Figure 6.13: Argon ion intensity and ion flow velocity from LIF measurements (panels a and b),

inferred electron density and ion flux (panels ¢ and d), and the ionization source strength assuming

a 1D particle balance (panel e). Typical ionization source uncertainty is indicated by the 650 G

trace.
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By looking at the inferred ionization source rate in Figure 6.13e, it appears that indeed the ion-
ization source strength increases with magnetic field strength. The most notable increase appears
between 1200 mm and 1450 mm. Increasing the magnetic field strength from 550 G to 938 G
increases the ionization source rate from 5.9 x 102 m™3s7! t0 3.6 x 10! m=3s~1.

A particularly interesting feature of the ion flux measurements is the slight dip at an axial
position of about 1600 mm. Using the simple 1D divergence calculation, this dip yields an ion sink
at this location. It’s not immediately clear if the dip is a result of a true ion sink, like recombination
or perhaps radial trapsort, or perhaps an artifact of noise amplified in taking the derivative. LIF can
again be leveraged to probe possible causes more comprehensively and are discussed in Section
6.3.5 after more LIF data is introduced and a more complete picture of the processes occurring in
this region is established. However, a geometric explanation is briefly explored before continuing
with the presentation of axial particle balance results.

One possibility that might explain the dip concerns the magnetic field geometry in relation to
the LIF pump laser beam. In performing the LIF measurements the diameter of the laser beam
expands quite slowly, with a divergence angle of about .5 mrad, and does not change as a function
of magnetic field strength. However, the ion density can in principle vary with magnetic field
strength, independent of any helicon ionization effects. If one assumes that the plasma is perfectly
conducting, and Alfven’s frozen in theorem is valid, then a magnetic flux expansion in a free
streaming region (collisionless with no ionization) would necessarily decrease the plasma density.
The density decrease measured by LIF in such a region is accurate, i.e. number of atoms per unit
volume decreases, but in principle could be regained by magnetic compression. The Zeeman effect
is the cause of the significant first order frequency splitting between the o™ and o~ groupings,
shown in Figure 4.2, and is linearly proportional to the magnetic field strength. By measuring
the distance between the o™ and o~ groupings, the local magnetic field strength can actually be

measured directly and is shown Figure 6.14. The dip in the magnetic field strength seen near 1600
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Table 6.1: Summary of metrics for degree of magnetization for electron density of 2 x 10'® m—3.

Magnetic Field Larmor Radil.ls Ion Cy d"t': on Frequency
Chamber Radius | Ion-Ion Collision Frequency

200 G 0.19 2.6 x 1073

500 G 0.08 6.6 x 1073

800 G 0.05 1.0 x 1072

mm in Figure 6.14 could be the reason behind apparent decrease in density, but does not decrease
the number of particles flowing along a magnetic field line. This is the desired effect of advanced
divertor concepts [82, 83, 84].

To investigate the plausibility that magnetic flux expansion is at play here, the limits of the
Alfven’s frozen in law must be considered. First, no real plasma is free of collisions with infi-
nite conductivity. In particular, particle collisions can facilitate motion across magnetic field lines
and introduce a dissipative drag, thus yielding the more realistic resistive magnetohydrodynamics
(MHD) equations. In this case, the primary concern is whether the ions maybe considered magne-
tized. A few parameters are typically considered for establishing the degree of magnetization but
the two that make the most sense here are the ratio of the ion-cyclotron frequency to the ion-ion
collision frequency and the ratio of the ion Larmor radius to the chamber minor radius [85, 86].
Ion cyclotron to collision frequency ratios greater than 1 and Larmor radius to chamber radius ra-
tios less than ~ .1 indicate higher degrees of magnetization. These metrics are shown for several
magnetic field strengths in Table 6.1. The Larmor radius to chamber radius metric suggests the
ions are reasonably magnetized. However the ratio of ion cyclotron frequency to ion-ion collision
frequency less than 0.01 suggests weak magnetization. The truth is likely somewhere in between
where frequent collisions allow ions to travel relatively freely across the magnetic field.

For the sake of curiosity, if the ions are moderately magnetized the particle flux measurements

can be corrected for the local magnetic field strength using the LIF measurements. The correction
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Figure 6.14: By measuring the splitting between the o and o~ groupings, the magnetic field in
the observation volume can be measured. Here the dip in the magnetic field strength near 1600

mm due to the non-Helmholtz coil spacing is quite evident.

is achieved by scaling the inferred density by the ratio of the local magnetic field strength to the
magnetic field strength at the probe. The magnetic field strengths used here are those measured
with the LIF diagnostic. The reference field strength, B,, is that measured at the Langmuir probe
during the calibration shown in Figure 6.12. The resulting correction factor then scales the inferred
B(2)

e The correction does reduce the slight dip in the ion flux

electron density by n.,. = 55
D

measurements, shown in Figure 6.15a, but it adds an odd bump at the same 1600 mm location in
the density measurement shown in Figure 6.15b. This density bump may or may not be physical,
but there are plenty of other possible causes for the flattening of the ion flux that must be considered
before drawing a conclusion. These possibilities will be discussed in Section 6.3.5.

By carefully examining many plasma emission spectra in the 300-400 nm range MARIA plas-
mas appear to be dominated by neutral and singly ionized argon; no emission from doubly ionized

argon was observed. Any ion sources must therefore also be a neutral atom sink. Determining
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Figure 6.15: Adjusting the LIF data to account for the varying magnetic field strengths removes
the dip in the particle flux at 1600 mma a.), but introduces a bump in the electron density data at

the same location b.)

the ionization rate by measuring how quickly neutral atoms are lost would add confidence to the
ionization rates determined from the divergence of the axial ion flux.

To address this question, the LIF laser can be tuned from the 668.6 nm ion line to a neutral line
at 667.9 nm enabling LIF measurements on the neutral argon atoms as well. The neutral argon LIF
scheme pumps the 4s 2[3/2] 1 level, and thus the intensity of the LIF signal will be proportional to
the population density of that level. The intensity of the neutral argon LIF signal shown in the top
panel of Figure 6.16 is very low near the boundary plate, builds up to a maximum 120 mm from
the plate and decays exponentially as the distance from the plate increases. The signal intensity,
and thus population density of the 4s 2[3/2] 1 level, increases with magnetic field strength to about
550 G before decreasing dramatically with further increases to the magnetic field strength. At 450
G arelatively broad axial profile is measured with significant measurable intensity at 680 mm. As

the magnetic field strength is increased, the neutral LIF response becomes more axially localized
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Figure 6.16: 4s 2[3/2] 1 level intensity and velocity measured using LIF. Because neutral particles
are not confined to the magnetic field lines, radial diffusion and flow cannot be ignored. Typical

low velocity error bars are shown on the 450 G trace.

near 1550 mm. The intensity profile indicates that for magnetic field strengths between 500-650
G, a significant population of neutral atoms in the 4s 2[3/2] 1 level builds up directly in front of
the boundary plate. The physics underlying this buildup of neutral particles in front of the plate
is not immediately obvious, but the unique shape of the neutral intensity distribution holds key
information.

The flow velocities were difficult to measure accurately due to their low flow speed and rela-

tively low intensity. During the data acquisition, each data point was taken approximately every



111

5 MHz of laser tuning frequency. A 5 MHz difference in the location of the fitted curve’s peak
corresponds to 4 m/s, approximately 10% of the typical measured velocities. This lower limit in
resolution and the uncertainty from fits to the data contributed to the significant scatter in the data.
As a result of the scatter, no trends could be claimed with significant confidence. However, as can
be seen, no significant scaling with magnetic field strength exists so averaging the measured speeds
over the magnetic field strengths can give some indication of the axial variation. Considering only
the average variation with axial position, a flow velocity of 25 m/s away from the plate is measured
4 mm in front of the plate. At a distance of 60 mm from the plate the average velocity reversed to
30 m/s back towards the plate. Flow velocities further than 250 mm from the plate were increas-
ingly difficult to measure due to rapidly diminishing signal to noise ratio which itself was due to a
rapidly decreasing population of neutral argon atoms in the 4s 2[3/2] 1 level.

Unlike the argon ion LIF data, which could be tied to electron density through quasi-neutrality
and the Langmuir probe, no other neutral density diagnostics are available on MARIA. However,
a simple model can be fit to the neutral argon LIF intensity profiles to estimate the ground state

neutral density.

dn — dndo e

Recognizing that position and time are related through the measured velocities, ¢ = <%,

neutral LIF data can be fit very well by a simple 2 species exponential decay of the form:

d

L —A1ny

jf (6.14)
2 = —/\2?7,2 + C/\1n1

dx

This system has the solution:

ny = ng exp(—Aiz)

(6.15)

cAin

Ny = ———(exp(—A1z) — exp(—Aaz))
)\2 — )\1

In this simple model, n; is the density of the argon ground state as a function of distance,

ny is the density of the 4s ?[3/2] 1 level, and )\, and ), are the decay rates of the ground and
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4s 2[3/2] 1 levels respectively. The constant scaling factor ¢ represents the fact that not all of the
atoms leaving the ground state end up in the 4s ?[3/2] 1 level. The intuitive process occurring
here is a constant stream of ions are impinging on the boundary plate, neutralizing and recycling
back into the plasma. As the neutral particles flow back into the plasma they are exposed to an
intense stream of electrons which ionize the gas through step-wise electron impact excitation and
ionization.

Here, the ground state density, ng, is a constant fixed value at the boundary plate and is deter-
mined by the various physical process occurring at the plate, including neutralization and recycling.
The physical details of the various processes occurring are not important here, only that the result
is some density of argon atoms in the ground state at the surface of the plate. The 4s 2[3/2] 1 level
is then populated by electron impact excitation from the ground and 4s 2[3/2] 2 metastable levels,
and by decays from higher excited levels at a rate determined by the local electron temperature and
density. Due to the low excitation rate from the ground level and relatively slow evolution rate of
the metastable states, the population of the 4s 2[3/2]1 level can also evolve rather slowly. As the
neutral gas progresses further into the plasma it is quickly lost due to ionization.

Modeling the spatio-temporal evolution of the 4s ?[3/2] 1 level near the plate is possible in
principle, but the non-constant electron temperature and density make this a difficult problem to
solve. Unfortunately, not enough information is available to constrain the value of c. However,
recognizing that c only serves as a density scalar for the 4s 2[3/2] 1 level, one can proceed with an
arbitrary value for ¢ > 0 and an estimate of the ground state density can still be obtained.

The fact that such a simple model is able to fit the neutral argon LIF intensities so well supports
the idea that basic recycling followed by electron impact excitation and ionization is occurring in
front of the plate. Based on this basic approach, understanding the dependence of the coefficients
used in Equation 6.15 on the applied magnetic field strength, shown in Figure 6.17, is straightfor-

ward. The increase in n can quickly be understood to be a direct reflection of the incident ion
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Figure 6.17: The increase of ny with magnetic field strength is not surprising and corresponds to
increasing flux due to an increasing incident flux of ions. The increasing flux of ions comes with
an increasing flux of electrons due to ambipolar flow which necessarily increases the ionization
rate \5. The cause of the \; variation is not well understood but is believed to be a combined effect

of the ground state argon density and incident electron density.

flux shown in Figure 6.13, i.e. flux divided by the recycling flow velocity. From conservation of
mass in one dimension, the neutralizing ions must appear as a neutral density at the plate. The
increasing value of Ay can also be understood to be proportional to the ionization rate. The fact
that )\ tracks the value of ng so well is a curious feature that is not a constraint of the model. It
is intuitive however that the flux of ions recombining on the plate, and thus the recycling flux of
neutrals, is proportional to the flux of electrons and by extension the ionization rate. The physics
behind the variation of \; is a combined effect of the ground state argon density, incident electron
density and temperature, and the electron impact excitation rate.

By again demanding that conservation of mass be satisfied in the small volume in front of

the plate, and again neglecting the radial transport terms, the flux of ground state argon atoms
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Table 6.2: Ionization rates found from the neutral argon LIF data.

Magnetic Field Ionization Ionization Rate Coefficient
Strength [G] Probability [1/s] [m?/s]
450 25 2.1 x 107%7
500 125 9.3 x 10717
550 150 7.8 x 10717
650 550 2.2 x 10716
750 1275 4.3 x 10716
850 2375 6.8 x 10716

appearing at the boundary plate must be equal and opposite to incident ion flux. To do so, a
value for the recycling velocity must be found. The neutral flow velocities seen in Figure 6.16
are pretty scattered, but the average velocity for all magnetic field strengths 4mm in front of the
plate was 25 m/s away from the plate. Using an average recycling velocity of 25 m/s, a scaling of
7.2x 106 yields a reasonable agreement between the recycling neutral flux and the incident ion flux
as shown in Figure 6.18. The ionization rates were calculated by S = d(nV)/dx = V(dn/dx) +
n(dV/dz) = V(dn/dx). Dividing by the neutral density yields an ionization probability that is
more comparable to the ionizing potential of the incoming stream of electrons. The ionization rate
coefficient can be found by dividing again by the electron density found from the ion LIF data.
The ionization rates are shown in Table 6.2

By solving the same collisional radiative model used in Section 6.2 in a time dependent manner,
this same analysis can be done in a slightly more sophisticated manner. As discussed above,
the actual excitation process is complicated by an unknown electron temperature profile near the
boundary plate. However, proceeding with a linear fit to the electron density profile measured by
the argon ion LIF data at 550 G and assuming the electron temperature is constant and equal to the
bulk electron temperature is a reasonable first order estimate. The axial population density profile

of the neutral argon 4s 2[3/2] 2 level (the 3rd excited level from ground) was calculated by a time
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Figure 6.18: Scaling ng in Equation 6.15 by 1 x 10'% and using a recycling velocity of 50 m/s

yields a reasonable agreement between the recycling neutral flux and the incident ion flux.

dependent solution of the collisional radiative matrix. The electron density, indicated by the green
line, was defined to ramp linearly from zero to 2 x 10*® m~3 over the first 180 mm from the plate,
and the ionization probability of 150 s~! taken from the LIF data (25 m/s x 6 1/m) ramped from
zero over the same distance. The electron temperature was assumed to be a constant 2.5 eV. With
these density and ionization profiles in place, the collisional radiative matrix was solved with no
metastable states in a time dependent manner using MATLAB’s stiff Runge-Kutta solver ODE15S.
The results of the calculation are shown in Figure 6.19. The agreement with the experimental data
at 550 G, shown by the blue curve, is surprisingly good. The exponential decay for CRM solutions
for higher magnetic field strength cases do not agree as well with the experimental data. This is not
surprising since the constant ionization rate applied to all levels here is overly simplistic. A more
sophisticated ionization model could improve the agreement. However, in all cases the location of
the 4s 2[3/2] 2 level density peak was recovered. As seen in the velocity data, the velocity right

near the plate is an average of 25 m/s away from the plate and was taken to be constant for this
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Figure 6.19: Solutions of the time dependent collisional radiative model agree reasonably well
with the LIF data. Here an constant flow velocity of 25 m/s was assumed. The electron density
was assumed to ramp linearly from 0 to 2 x 10'® m~2 and the ionization probability ramped from

0 to 150 s~* over the first 180 mm from the plate.

model. Further from the plate there appears to be a flow reversal with the gas flowing back towards
the plate with an average velocity of 50 m/s. This change in flow is not as easily accounted for in
the simple modeling done here, and the uncertainty associated with the neutral argon flow velocity
data would make interpretation of the results difficult at best. However, this relatively simple test
adds confidence that the right physics are being captured.

The ionization rate coefficient of 7.8 x 107" m3s~! (1.5 x 10?! m—3s~! when multiplied by a
neutral density of 1 x 10* m~3 and electron density of 2 x 10'® m~) measured from the neutral
argon decay rate agrees quite well with theory. The ionization rate coefficient as a function of
electron temperature from the ADAS database is shown in Figure 6.20 [59]. The ionization rate
was calculated for neutral argon using the configuration average distorted wave code developed at

Auburn University and implemented in the ADAS set of codes [87]. The measured value ionization
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Figure 6.20: The neutral argon ionization rate coefficient from ADAS, line, agrees quite well with

the measured rate coefficients, points, for an electron temperature of 2 eV [59]

rate coefficients, shown as dots in Figure 6.20, match a plasma with electron temperature in the
range of 2 eV.

This exercise with netural LIF has now yielded a reasonable approximation of the Ar I ground
state density which is plotted in Figure 6.21. For reference, the neutral density at 2 mTorr is 7 x 1017
m~3 at 273 K. The exponential decay with increasing distance from the boundary plate, and the
increasing recycling flux of neutral atoms, I'y = ngV/, both increase with increasing magnetic
field strength. The increase with magnetic field strength matches the trend of increasing incident
ion flux measured from the argon ion LIF data. Of course, these trends follow directly from the
assumptions made regarding the physical processes occurring in this region.

The most striking result of the neutral argon LIF analysis is the deep depletion of neutral atoms
that occurs on axis. Both the LIF data in Figure 6.16 and the inferred neutral argon ground state
density shown in Figure 6.21 indicate that by a distance of 400 mm of the boundary plate, the

neutral argon density is approximately 10% of the value at the boundary plate. Additionally the
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Figure 6.21: By multiplying the LIF data in Figure 6.16 by the scaling factor of 9 x 10 and fitting
the data with the simple model in Equation 6.15 approximate densities for the ground level can be

obtained.

apparent reversal of neutral flow, with neutral atoms flowing back towards the boundary plate after
they’ve recycled into the plasma, suggests that Magee et al were right and that the depletion of

neutral atoms observed on axis is due not just to ionization but expulsion.

6.3.4 Radial Particle Balance

In the previous section, radial transport was assumed to be negligible and axial particle flux
profiles were used to calculate the ionization rate on axis. However, the values calculated using
that assumption may be only partially correct if radial transport is significant. The LIF system was
rearranged such that the laser was injected radially across the axis and intensities and radial flow
velocities were measured off axis. In this way the assumption of radial transport is checked, the
calculated ionization rates are adjusted, and the possibility of radial neutral fueling and ion exhaust

1s measured.
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In contrast to the the neutral LIF behavior on axis, decreasing intensity with increasing mag-
netic field strength, the neutral LIF intensity off axis does not appear to decrease in the same way.
The neutral LIF intensity values taken at two axial positions (just after the antenna and close to
the downstream boundary plate) and three radial positions (near the axis, 1/3 chamber radius, and
2/3 chamber radius) while varying the magnetic field strength is shown in Figure 6.22. The data
near the axis is taken as close to the axis as possible, but not exactly at r=0 due to the positioning
uncertainty. The radial positional tolerance is 4 mm. The LIF intensity near the axis at both axial
positions still decreases by one order of magnitude by increasing the magnetic field strength from
450 G to 850 G, as expected. However with increasing radial distance the depletion with mag-
netic field strength is much less severe, with the neutral LIF intensity staying constant at r/a=0.67
near the boundary plate. The depletion near the antenna is present at all radial positions but is
much less severe, only decreasing by a factor of 3 at r/a=0.67. The population mechanism of the
4s 2[3/2] 1 level which is being pumped by the laser by electron impact excitation is important to
keep in mind. For constant neutral density, an increase in the electron density would lead to higher
excitation rate which in turn would lead to a greater population density in the 4s ?[3/2] 2 level. The
electron density at radial locations corresponding to the LIF measurements, shown as dotted lines
in the figure, is increasing with magnetic field strength. The conclusion from this data is that dur-
ing the helicon mode of operation deep neutral depletion on axis produces a hollow neutral profile.
This begs the question, “Where are the neutral atoms which sustain the plasma coming from?”

More insight into the flow dynamics is gained by considering the radial flow velocity mea-
surements made using the LIF diagnostic which are shown in Figure 6.23. This information was
acquired from the same data used to generate the neutral argon LIF intensity figures in Figure 6.22.
The top graph shows the radial flow velocity of neutral atoms at the chamber axis. Although the
data points are a bit scattered, the general trend is negative flow, away from the axis towards the

chamber wall, with the greatest magnitude at 1050 mm where the ion density and temperature is
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Figure 6.22: The marked decrease in neutral LIF intensity with increasing magnetic field strength
(increasing electron density) at r/a < 0.05 with the negligible decrease at r/a=0.67 indicates the
depletion of neutral particles on axis. The neutral LIF intensity is shown by the points, and the
electron density measured by the Langmuir probe at the corresponding radial locations is shown

by the dotted lines.



121

highest. The large error bars are a result of the very low intensity resulting in poor fits to the LIF
data. The middle graph at r/a=33%, and the bottom graph at r/a=67% shows the flow shifting to
positive values, away from the chamber wall towards the axis, at axial positions below 1200 mm.
This flow velocity data is a clear indication of radial neutral fueling near the antenna. Unfortu-
nately, unlike the axial neutral flow measurements, the poor radial resolution meant that a tight
coupling to the flux of incoming ions couldn’t be established and a total neutral flux cannot be
calculated.

A similar set of radial LIF measurement were performed for the argon ions. The ion flux
measurements shown in Figure 6.24 were calculated in the same manner as for the axial case. The
radial ion flux for all radial positions, axial positions, and magnetic field strength is oriented away
from the axis. The radial flux is strongest near 680 mm, with a value of 5 x 10?° m~2s~!, where the
axial flux is the lowest and the ion temperature is greatest. The magnitude of the flux is comparable
to the axial flux, and is a factor of two greater than the axial flux at an axial position of 680 mm.
Further downstream the radial flux is a factor of two lower, making it about 5% of the total ion
flux leaving the core region at axial positions greater than 1400 mm. It is also interesting to note
that the perpendicular flux is comparable to Bohm-like diffusion. The Bohm diffusive flux, J, is
calculated by J = Dp dn./dr and Dg = ckT,/16e B, where c is the speed of light, k is Boltzman’s
constant, 7 is the electron temperature, B is the magnetic field strength, and e is the charge of an
electron. Taking the density gradient in the radial direction from Langmuir probe measurements
gives a radial flux between 1 — 4 x 10 m—2s71.

Interpreting the radial velocity measurements must be done carefully due to the magnetic field
causing the ions to undergo orbiting via the Lorentz force. As the ions orbit the magnetic field lines,
with an orbital velocity component perpendicular to the magnetic field, they will cyclically gain and
lose a velocity component parallel to the laser wave vector. The LIF signal will then be affected by

both the flow velocity and the orbital velocity. The average of the orbital velocity over an ensemble
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Figure 6.23: Neutral argon LIF radial flow velocity measurements indicate a inward radial flow
for axial positions less than 1200 mm. No net flow appears to exist above 1400 mm near the axial
boundary plate. The data at r/a < 0.05 is taken within 4 mm of the axis, but cannot be exactly on

axis due uncertainty in radial positioning.
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of atoms is still zero. So true radial flow velocities are accurately measured as presented above.
However, the orbital velocity due to the Lorentz force represents a line broadening mechanism that
can cause erroneous ion temperature measurements. This is an interesting topic for future research.

The conclusion then is that radial losses are not negligible, especially in the antenna region.
In calculating the total divergence of the flux, this radial contribution means the ionization rate on
axis is in fact higher than what can be inferred from axial measurements alone. Unfortunately the
resolution of the radial flux measurements is sufficiently low that the radial variation in flux can
only be approximated. Calculating the flux gradient using the data at r/a=0.33 and 1/a=0.67, and
assuming a linear trend between these two radial positions, boosts the calculated ionization rate by
approximately 1 x 10?2 m—3s~1, but with an uncertainty of 200%. This puts the ionization rate just
downstream of the antenna on par with the ionization rate occurring in front of the boundary plate.
Improving the radial resolution of this data is necessary to improve the measurement.

The data in figures 6.22 and 6.23 indicate an inward flow and ionization of neutral atoms at
axial positions below 1200 mm. Coupled with the strong axial ion flux divergence at the same
axial location shown in Figure 6.13d, this data paints a picture of a circulatory ionization process.
As the ionization rate increases and the ions stream into the boundary plate, ions recombine and are
ejected back into the chamber at thermal velocities. Due to the intense flux of ions and electrons
streaming along the axis, neutral particles that recycle in the axial direction are almost immediately
re-ionized and sent back towards the plate. This condition yields a depletion of neutral particles
on axis. Particles that recycle with some radial velocity bounce off the chamber walls further
upstream, make their way back into the plasma, and start the cycle over again. In the context of
the particle balance, the region closest to the antenna is dominated by a radial particle balance
transitioning to axial particle balance further downstream. In front of the axial boundary plate a
strong local recycling establishes a local particle balance dominated by recycling neutrals which

refuel the plasma immediately in front of the boundary plate.
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The local recycling and particle balance in front of the downstream boundary plate is a unique
feature of the MARIA device as it is currently configured. The transition from a radial particle
balance to an axial particle balance occurs over the majority of the axial length of the MARIA
plasma. In a long open linear configuration attractive to accelerator applications, over 100 m long,
a long separation would exist between the power deposition near the antenna and any downstream
boundary condition. A similar configuration can be imagined as a MARIA like device opening
into an expansion chamber with a high vacuum throughput. In such devices no downstream local
refueling would be possible. Investigating such a geometry is a good path to take in expanding
on this research for particle accelerator applications. However, the conclusion from this work is
that a strictly one dimensional particle balance is only partially correct and does not capture the
significant radial transport near the antenna.

To understand the influence of the neutral gas fill pressure, a set of LIF measurements were
taken at 2.0 mTorr (the same as the data shown above) and at 1.0 mTorr, shown in Figure 6.25. In
doubling the neutral pressure, the argon ion LIF intensity increased by a factor of 2.5 yielding an
inferred density increase of 1.5 which matches the trend seen in Figure 6.3a. The flow velocity,
shown in the upper right graph, decreased by a factor of 2.6. The increased temperature and
reduced out flow for the 2 mTorr case indicates better overall energy confinement which resulted

in increased density.

6.3.5 Axial Momentum Balance Considerations

The neutral gas buildup in front of the boundary plate is taken to be the result of ions that have
recombined on the boundary surface and are recycling back into the plasma. Curiously, the dip in
the ion flux discussed earlier, and shown in Figure 6.13, corresponds perfectly to the region where
a high density of neutral argon atoms in the 4s 2[3/2] 1 level are located. Due to the apparently high

density of neutral atoms in this region ion-neutral collisional drag is indeed a plausible cause for
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the dip in ion flux. Considering the magnitude of the terms in Equation 6.16, the 1D momentum

conservation equation introduced earlier, might yield some insights [81].
d 2 7
d—(mmV +pi) —eEn=—m;(V; = V,)oVipnan
z
+ me(Ve = Vi)vli"n

kT, (6.16)
dz

+0.71n <

A nice way to understand the particle and momentum balance step-by-step is to assume the

plasma is isothermal and collisionless, %(mmv2 + p”i) = (. If this assumption were true, the
sum of the flow pressure, m;nV?, and static pressure, pj;, should be constant along the plasma
chamber. With LIF these two terms are directly measurable and the sum is plotted in Figure 6.26.
The sum is not constant along the chamber for magnetic field strengths above 450 G. The steep
increase beyond 1600 mm due to the steep increase in flow velocity in that region is quite clear.
This increase is assumed to be a result of the magnetic pre-sheath that forms in regions immediately
adjacent to boundaries in magnetic devices like MARIA [65]. Any deviation from a constant value
is then a contribution from the other terms in Equation 6.13.

Unfortunately MARIA is not equipped to measure many of the other terms directly. However,
some approximations can be made to understand the relative strength of each of the terms.

The first term on the right hand side of Equation 6.13, the ion-neutral momentum transfer, can
now be considered. The collisional momentum transfer cross section is provided by Jovanovic and
to first order is constant at 2 x 107'® m? [88]. For a relative collision velocity of approximately
300 m/s, an average thermal temperature of .1 eV, a neutral density of ~ 2 x 10'®* m~3 and an ion

density of ~ 1 x 10 m~3, the ion-neutral collisional momentum transport is on the order of 0.5

Pa/m.
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Figure 6.26: By plotting the ion pressure, the effect of drag by ion-neutral collisions becomes more
apparent. An adiabatic system would maintain constant pressure along a magnetic field line. The

negative gradient above 1200 mm is a direct result of ion-neutral collisions.

For the second term, /™ can be calculated by

ymem =925 x 1071 Zin, /T3 %71 (6.17)

et

where n. is in m~3 and T, is in eV. For electron temperatures of ~ 3 eV and densities in the
range of 2 x 10" m™ this gives v = 12.7 x 10° s™!. The velocity difference between the
ions and electrons is something that simply can’t be measured on MARIA currently. Helicon
plasmas are currently being investigated for their ability to drive currents in tokamaks [89, 3], so
it is reasonable that a current could exist. In MARIA the boundary plate is floating, and unable
to conduct a current, but let’s imagine a current did exist so the the upper limit of its impact can
be approximated. Paul et al measured a current of nearly 100 amps in a toroidal helicon device

with comparable chamber diameter, RF power, magnetic field strength, and operating pressure, but

operating at roughly twice the frequency. Using 100 A at a density of 2 x 10*®* m~3 through an
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area of approximately 28 cm? (3 cm diameter) yields a velocity difference of 1.1 x 10° m/s. This
results in an electron-ion collisional momentum transfer of 2.5 Pa/m.

Momentum drive by electron temperature gradients can be quite large. In this case a .1 eV/m
temperature gradient can cause a pressure gradient of 0.022 Pa/m at densities near 2 x 10*® m~3.
The final term, the force necessary to accelerate a recently ionized atom can be estimated from our
data. For neutral argon atom velocities in the range of 25 m/s, and an ionization rate of ~ 2 x 102!
m~3, this could be 3 x 1073 Pa/m. The final term involves the electric field which cannot really be
estimated from the information available.

The greatest pressure difference from the maximum value near 1050 mm shown in Figure 6.26
is on the order of 0.08 Pa/m. Based on the rough order of magnitude estimates above, and the

fact that the floating boundary plate cannot conduct a current, ion-neutral collisional momentum

exchange appears to be the dominant factor.

6.3.5.1 Tests at High Power

Utilizing the high power helicon test cell at [IPP-Greifswald additional investigations regarding
the axial vs radial fueling were performed [1]. The hypothesis, following the line of reasoning
alluded to above, was that the ion Larmor radius was sufficiently smaller than the chamber radius

that the primary loss channel was axial loss to the end plates.

ri= = 1.02 x 10%6Y? 2T} B
Wei

r; = 0.48cm (6.18)

where 1 is the reduced ion mass m;/my where m; is the ion mass and my is the mass of hydrogen,
Z is the ion charge divided by the electron charge, 7; is the ion temperature, and B is the magnetic

field strength.
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Figure 6.27: Reducing the vacuum pump throughput made little to no impact on the electron
density in a pulsed discharge with 21 kW distributed across 3 antennas. In each case the gas source
was reduced to keep the base pressure constant at 5.5 Pa. The 7.5, 10, and 15 Pa ‘reduced’ curves
refer to the base pressure that would be reached if the vacuum throughput was reduced while

maintaining a constant source rate.

It is then reasonable that a moderate neutral density would build up at the end plate, much like
was seen on MARIA, resulting in more ion-neutral collisions and additional viscous drag on the
ions which would reduce the ion loss rate. The hope was that this reduction in the ion loss rate
would extend the duration of the temporal density peak and result in a higher steady-state density.

The experiment was conducted on a high power helicon test cell at IPP-Greifswald with B ~
600 G and F¢ < 36 kW. On this device the argon gas flows into the chamber along the axis on
one end and is pumped out downstream (in the direction of B) of the antenna. It was believed that
the vacuum pump rate was sufficient to inhibit the buildup of the neutral density gradient at the
downstream end plate. By gradually closing a valve in the vacuum line, the pumping rate could be

reduced thus allowing the neutral density to build up there, mimicking the conditions at MARIA.
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The temporal evolution of the electron density as measured by a CO, interferometer is shown
in Figure 6.27. To achieve reduced throughput while maintaining a constant pressure the gate
valve leading to the vacuum pump was first closed a small amount leading to a pressure rise in
the chamber. This rise in pressure is the pressure indicated in the figure legend. The gas supply
flow rate was then reduced with a needle valve until the chamber pressre returned to 5.5 Pa. Throt-
tling the flow rate only led to slightly reduced ultimate densities. However, reducing the vacuum
throughput completely to zero resulted in a 25% reduction in ultimate electron density compared
to the baseline. The peak electron density was also much closer to the steady state density reached
after 5 ms. The electron density in all discharges settled to an equilibrium line integrated density
of 7.5 x 10* m™2, with the throughput reduction having only marginal impact.

The density drop at zero throughput suggests that the gas source supplying gas on axis actually
represents a significant source of neutral particles during the initial buildup of the discharge. The
lack of significant impact on the steady-state density indicates that the downstream recycling con-
ditions are still a dominant factor in determining the ultimate electron density achieved. It is also
quite plausible that on the few ms timescale of the discharge, the neutral gradient was building up

as expected and any effect from the vacuum system simply didn’t have time to become established.
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Chapter 7

Summary and Future Work

The ability of helicon plasmas to efficiently reach high electron densities has been known for
nearly 30 years. Despite the ongoing research into the properties of helicon plasmas, especially
the ionization mechanism itself, only certain aspects of the particle balance have been investigated.
Specifically, the physical mechanism that causes the depletion of neutral atoms on axis leading an
electron density limit is poorly understood. To shed light on this aspect of helicon plasmas, a
systematic investigation of the particle balance was undertaken using laser induced fluorescence
as the central diagnostic, aided by advanced atomic physics models, and a newly constructed RF
compensated Langmuir probe. Establishing the strength and relative importance of the parallel
and perpendicular particle fluxes, and by extension the particle sources and sink distributions, is
particularly important.

The high spatial resolution and the ability to measure flow velocities made laser induced fluo-
rescence an obvious choice for this work. In order to obtain both high accuracy and high precision,
every aspect of the LIF process was scrutinized and uncertainties were reduced or eliminated where
possible. To achieve flow velocity measurements with uncertainty less than 10 m/s, a new tech-
nique leveraging the symmetric energy splitting of the Zeeman effect was developed [49]. Using
the midpoint of the o and 0~ Zeeman groupings to assess Doppler shifts eliminated any require-
ment to measure the magnetic field strength at the measurement location and reduced the fitting

uncertainty by 30%. Additionally, refinements to absolute wavelength references using molecular
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iodine reduced the absolute velocity uncertainty from +800 m/s to +7.2 m/s. A new RF compen-
sated Langmuir probe was built as the reference diagnostic and utilized to calibrate LIF intensity
measurements with electron densities.

These diagnostic innovations enabled the parallel flux of ions and neutrals to be measured at
several combinations of magnetic field strength and electron density. These measurements revealed
strong axial ion fluxes between 3 x 102 m~2s~! and 2.6 x 10*! m~2s~! leaving a central region
of high electron density. Within the assumption of a 1D fluid model for mass and momentum
conservation, these fluxes indicate the presence of an ion source rate between 6 x 102° m—3s~! and
3.6 x 10?2 m—3s~! located 1.2 meters downstream of the helicon antenna. Further downstream, 1.4
m behind the antenna, neutral argon LIF measurements revealed a region of strong neutral atom
recycling at a boundary plate. Neutral LIF measurements also indicated that a neutral depletion
region of up to 90% exists 1 m downstream of the antenna.

To validate the 1D particle balance assumption and investigate the role of radial refueling and
exhaust, radial LIF measurements were made a several axial and radial positions. These measure-

2g—1 exists between 0.4 m and 0.8

ments revealed that an outward radial ion flux of 4 x 10%° m~
m downstream of the antenna. Neutral LIF measurements in the same region indicated a radial in-
ward flow of neutral atoms and further confirmed the axially hollow neutral density profile. These
non-trivial radial ion fluxes and neutral flow velocities indicate that the applicability of a 1D parti-
cle balance is incomplete for regions close to the antenna, and a 2D model is necessary to capture
the actual conditions much more accurately.

Combining the results of the axial and radial LIF measurements indicates a region between 1.0

m and 1.4 m downstream of the antenna where a strong linear relationship exists between elec-

tron density and magnetic field strength. The high density, ionization rate, and linear relationship
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with magnetic field strength suggests the helicon wave RF energy is strongly damped in this re-
gion. Electron densities closer to the antenna exhibited asymptotic behavior, no further increase in
density beyond 750 G, indicating poor coupling with the helicon wave.

These diagnostic advances have enabled a 1D particle balance to be experimentally constrained
and established a baseline picture of the particle balance in the MARIA device. Neutral argon
atoms sourced from the outer radius of the chamber flow towards the axis where they are quickly
ionized. The newly created ions flow out of this region both axially and radially. The ions that
flow along the axis encounter a dense region of neutral particles near the downstream boundary
plate which sets up a region of high local recycling. An increased ionization rate between the high
recycling region and antenna likely from damping of the helicon wave and a sufficient source of
neutral atoms combine to produce the highest density of ions and electrons here.

The initial assumption of a 1D particle balance was shown to be partially correct. To further
improve the investigation of a 2D particle balance, the resolution of radial LIF measurements
must be increased. Additionally greater LIF signal to noise ratio is necessary to improve velocity
measurements of the slow moving neutral atoms. While these improvements may not substantially
change the qualitative understanding of the particle balance in the current configuration at MARIA,
they will be important when assessing the impact of different vacuum pumping arrangements.

The close proximity of the axial recycling region near the boundary plate to the radial fueling
and loss region near the antenna in MARIA is not a realistic arrangement for particle accelerator
applications. To asses the performance of helicon plasmas in very low aspect ratio (radius/length)
future accelerators like AWAKE, different vacuum pumping arrangements must be established. A
flow through type arrangement in which the neutral gas is introduced upstream of the antenna and
pumped away downstream will remove the high recycling region and enable the free streaming

conditions downstream of the antenna to be further researched.
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In any scenario, RF diagnostics in the form of B-dot or J-dot probes must be established at
MARIA [35]. Doing so will confirm the location of greatest helicon wave damping. Combining
such RF diagnostics with improved LIF capabilities would enable the ionization dynamics to be

measured from both an RF and particle balance perspective for the first time.

7.1 Possibilities for Future Work

A particularly exciting, but at times frustrating feature of this work is all the avenues for addi-
tional exploration that show up. Most of these tangents were very interesting and staying focused
was quite difficult at times. A few of these topics are introduced here along with some of the

observations that lead to their discovery.

7.1.1 Possible Drift Waves and Instabilities

While investigating the operational parameter space on MARIA, radial Langmuir probe mea-
surements were taken at a magnetic field strength of 700 G, with 700 W of RF heating power,
and 1 mTorr of pre-plasma neutral fill pressure. Anomalously high electron temperatures were
measured around 3 cm from the axis as seen in Figure 7.1. Further investigating this anomaly by
measuring the ion saturation current in this region and the line integrated 442.6 nm Ar II emission
line intensity indicated a density fluctuation with a frequency of approximately 3.6 kHz. The de-
tails of this oscillation were not further investigated in this work, as the majority of measurements
were made at higher pressure where these oscillations did not occur. However, the location and
frequency bear a striking resemblance to the drift waves studied in the VINETA helicon device
by Schroder et al [69]. While not the principle aim of the research presented here, it appears that
MARIA is perfectly capable of generating drift waves and perhaps other instabilities. The brief
measurements made here also demonstrate that MARIA is sufficiently robust yet flexible that a

wide range of plasma effects are able to be reliably measured. An important implication for future
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Figure 7.1: Taking radial Langmuir probe measurements with 1 mTorr fill pressure resulted in

some strange results around 3 cm.

work with 2D momentum balance models is that the presence of drift waves indicates radial elec-
tric fields are contributing significantly to momentum transport [90]. These effects also raise the

possibility that other transport mechanisms such as turbulence could also contribute significantly

to radial transport.

7.1.2 Sputtering and Plasma Material Interactions

One observation that might be considered a great accomplishment in some devices but was
an enormous problem in this work was sputtered metals. While setting up the LIF diagnostics to
perform the particle flux measurements presented above a green tinted light was observed near the
boundary plate. The green emission, shown in Figure 7.2, can be seen emerging from right on the
axis of the device near the hole of the laser beam dump, and also where the flux of ions struck
the boundary plate. This light was identified as coming from chromium atoms that had somehow
been preferentially sputtered out of the stainless steel plate. No emission from iron, carbon, or any

other constituent of stainless steel species was observed. The major problem with this sputtering
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was that it re-deposited on the inside of the glass chamber within 100 cm of the plate. Over the
course of a couple hours of intermittent operation the deposition layer got so thick that the chamber
became almost completely opaque to plasma emission. This represented a significant problem for
performing LIF measurements requiring days worth of continuous plasma operation. It turns out
that chromium reacts well with dilute phosphoric acid and could be completely cleaned from the
inside surface of the glass. Venting the chamber every few days to clean the glass of chromium
would have been impractical. The stainless steel boundary plate was replaced with one made of
pure molybdenum, which has a sputtering threshold of approximately 35 eV [91]. It was soon
discovered the MARIA plasmas were even able to sputter molybdenum, and it too was redeposit-
ing on the glass in this region. This represented a much bigger problem given the extremely inert
nature of molybdenum, even against such aggressive chemicals as nitric and hydrofluoric acid. LIF
measurements were made with this boundary plate grounded and floating, and no change to the
particle fluxes were measured. The work presented above was therefore all done with the boundary
plate floating to prevent this sputtering issue. However, this exercise demonstrates the practicality
of using MARIA as a high density, high particle flux, plasma source for performing divertor rel-
evant plasma material interaction research. In fact, using helicon plasmas to perform this type of

research is precisely the goal of the MPEX experiment at Oak Ridge National Laboratory [15].

7.1.3 Discharge Equilibrium at High RF Heating Power

With the arrival of sufficient cooling capacity to operate MARIA’s RF system up to 10 kW
CW (even 20 kW is currently available), an obvious progression is to extend this research to the
several kW range of heating power. As mentioned in Section 6.1, the operating point of 700 W,
700 G, and 2.0 mTorr was experimentally found as a Goldilocks kind of operating point only
by extensive systematic measurements. Much of this exploratory operation was done early on

in parallel with developing the robust diagnostic capabilities presented in this thesis. Now that
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Figure 7.2: The appearance of the greenish light right near the boundary plate (left) was identified

as chromium by the three distinct Cr I lines at 520.6 nm, 520.7 nm, and 521 nm (right).

adequate cooling and reliable diagnostics are in place, a systematic effort to discover optimal set
of parameters to operate at high power should be initiated. Near the end of the research presented
here, during the commissioning of the new cooling system, MARIA was operated at 4 kW for
several minutes. Simply increasing the RF power was discovered to have rather unintended effects.
The first observed effect was that around 1-1.5 kW at 2.0 mTorr, the plasma began to flicker
and become unstable. It appeared to drop completely out of the nice helicon mode for a couple
milliseconds. The dip in the 442.6 nm argon ion emission intensity shown in Figure 7.3 was
captured during one of these abrupt changes in the plasma emission. It is believed that this apparent
ion density collapse is a result of the recycling neutral gas being unable to sustain the ionization
rate necessary for that particular helicon wave to propagate, thus resulting in a collapse of the
ionization rate and electron density. After the plasma has collapsed and the neutral gas is able to
redistribute, the necessary ionization rate can be reestablished and the helicon mode propagates

again.
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Figure 7.3: At neutral fill pressure of 2.0 mTorr and 1.5 kW of RF heating power, the ion density

would periodically collapse for a couple milliseconds before being reestablished.

The particle balance work described in this thesis then suggests that pushing the RF heating
power above 1.5 kW requires a suitable increase to the neutral fueling rate. The only control
currently available to achieve this is to increase the neutral fill gas pressure. By closing a gate
valve in front of the vacuum pump, the fill pressure was increased to 25 mTorr. The pressure
increase was able to support RF heating power up to 5 kW, limited now by the existing air cooling
for the antenna. However, the visual characteristic of the plasma is entirely different. The picture
on the left in Figure 7.4 is a typical plasma diagnosed in this work with neutral fill pressure of
2.0 mTorr, 900 G magnetic field strength, and 700 W of RF heating. The characteristic blue core,
which comes from argon ion emission, extends nearly the full length of the plasma chamber only
tapering off near the boundary plate just off the left side of the image. The picture on the right
is at the same magnetic field strength, neutral pressure of 25 mTorr, and 5 kW of RF heating
power. A bright blue core still develops just down stream of the antenna. However, the axial
extent of this blue core is dramatically reduced, with the plasma all but vanishing only halfway
down the plasma chamber. A hypothesis to explain this observation is that ions created in this high
pressure plasma flow quickly into a high density cloud of neutral atoms, lose momentum through

ion-neutral collisions, and are lost quickly through recombination. The ability to generate these
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Figure 7. (left) Typic aearance of the plasma at 900 G, 700 W, and 2.0 mTorr. (Right) By
increasing the neutral fill pressure to 25 mTorr RF heating powers in the range of 4 kW became
sustainable. However, the generated plasma was quickly lost as it flowed into a high density cloud

of neutrals.

high power plasmas has only recently become available, and more infrastructure is still needed to
reliably sustain such a plasma. This operating regime is the logical continuation of the work that

began here.
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Appendix A: Spectrometer Intensity Calibration

The line ratio spectroscopy method can only succeed if accurate line intensities can be acquired.
To achieve this, a calibration routine described by NIST to absolutely calibrate the spectrometer
was undertaken [92].

To start, it was very important to make sure that the linear fiber array was aligned with the
entrance slit of the spectrometer, that the fiber ends were close to the entrance slit, and that the
camera was properly rotated and focused.

With the spectrometer propery alinged, an initial calibration was performed. The calibration
source was an OL-455-S high intensity integrating sphere from Optronic Laboratories. The source
is thermally stabilized and actively controlled to maintain a spectral radiance uncertainty of +2%
relative to NIST. The reference spectrum is shown in Figure A.1. A calibration spectrum of the
source was taken using a custom written MATLAB script which used an API for the spectrometer
control software.

As a result of the spectrometer dispersion, each frame of the CCD only covered about 20 nm.
To acquire a full spectrum from 350 nm to 933 nm, a step-and-glue technique was used. The
steo-and-glue process involved acquiring an image from the CCD, slewing the grating to the next
point, and acquiring another image from the CCD. In all 31 frames were needed to cover the full
wavelength range. Each frame overlapped the previous one by about 1 nm.

Instead of generating a single overall calibration curve, curves for each frame of the full spec-
trum were generated. Problems in the calibration process could be detected quickly by observing
emission that fell in the overlap region. The calibrated intensity of a line in the upper part of one

frame should be identical to the calibrated intensity of the same line captured in the lower part of
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Figure A.1: The calibrated reference spectrum provided for the OL455 calibration source.

the next frame. The calibration curve was calculated using Equation A.1.

Iref
;= —ref Al
Tos— I (A.D

) )

where C; is the calibration data for the ¢, frame, I, is the reference intensity shown in Figure
A.1, I.; is the measured intensity of the ¢, frame, and I, ; is the background intensity for the 7,
frame.

By calculating the calibration curve as in Equation A.1, an acquired spectrum can be simply
calibrated by Equation A.2. A typical calibration curve is shown in Figure A.2a. The inverse of the
calibration curve, shown in Figure A.2b, is a measure of the light sensitivity of the complete optical
system. A particularly prominent feature of the sensitivity curve are the jagged peaks throughout
the curve. These are a result of the variation in light sensitivity across the CCD chip. Part of this

variability is due to astigmatism introduced by the Czerny-Turner spectrometer design.

L= (I — I,;)C; (A.2)



143

(a) (b)
1 —10 1 11
14 x10 1.4 x10
1.2 4 1.2 +
o
2 104 z 1.0 r'
= =
~ O
© 0 = 0.8 -
= o f\
g =
g 0.6 - S 06 A
£ = N
=
O 0.4 \ % 0.4
0.2 - NgS 0.2 - /
00 T T T T T T 00 T T T T T T
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]

Figure A.2: a.) A typical calibration curve to absolutely calibrate spectra. b.) The inverse calibra-
tion curve gives a measure of the light sensitivity of the spectrometer optics. The jagged features

indicate the variable sensitivity across the CCD chip.

The astigmatism is shown in Figure A.3. In this case, the region of sharpest focus was as higher
wavelength, but was ultimately placed nearer to the center by improving the overall alignment.
The distance between the fiber array and the entrance slit knife edges played a significant role in
placing the region of sharpest focus in the center of the CCD. Minimizing the negative impact of
astigmatism also played a huge role in eliminating cross-talk between channels.

The OL-455-S calibration source was only on loan for a short period of time. To facilitate
the need to recalibrate the spectrometer in the event the alignment was bumped, which happened
periodically, a secondary source was calibrated and a reference spectrum determined while the
OL-455-S source was available for comparison. The secondary source was an SL-201 quartz

tungsten-halogen temperature stabilized source from ThorLabs.
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Figure A.3: The astigmatism introduced by the spectrometer design meant the focus sharpness

varied across the CCD.

The acquired spectrum, shown in Figure A.4, was fit to Equation A.3 in a two step process

described by NIST [92].
Ey=(Ag+ A - A+ + A5 N") - X% exp(a + b/N) (A.3)

where A . .. A,, are polynomial fitting coefficients, A is the wavelength, and a and b are exponential
fitting coefficients.

First, the an intermediate spectrum of the form In(7 - A3) = a + b\ was fitted in a non-linear
least squares sense, with a weighting of 1, to determine the coefficients a and b. The acquired
spectrum was then fit using Equation A.3 using a weighting of 1/72. NIST claims that irradiance
values prediced by Equation A.3 have an uncertainty in the range of 0.5%.

In this work, the residual error between the fit and the spectrum was less than 10% above 400
nm, and typically less than 3%. Propagating the error through from the stated reference spectrum

uncertainty of 2% to the spectrum shown in Figure A.4 yields an overall uncertainty in the fitted
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Figure A.4: While the OL-455-S source was available, and the spectrometer was newly calibrated,
the calibration was transferred to a ThorLabs SL-201 source by fitting the spectrum with Equation

A.3. NIST claims the fit is usually good to within 0.5%. Above 400 nm, the residual error is less

than 10% and more typically below 3%.

reference curve is about 10%. For the the purposes of this research, this uncertainty is acceptable.



The final fitted coefficients are:

Ay = 22.87

Ay = —0.1719

Ay =529 x 107

Ay = —8.00 x 1077

Ay =5.96 x 1071

Ay = —1.75 x 10713
a = 29.97

b= —5707

146

(A4)
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Appendix B: Line Intensity Calculation and Uncertainty

Following from Appendix A, the calibrated spectra can then be used to calculate the calibrated
intensity of individual emission lines. A typical absolutely calibrated spectrum is shown in Figure
B.1. For a typical spectrum on the order of 155 individual emission lines were detected.

Peak detection was carried out by a custom written MATLAB script. For each detected emis-
sion line, the total intensity was calculated by integrating over wavelength using trapezoidal inte-
gration. Since the absolute calibration and associated uncertainty was already performed in cali-
brating the spectrum, the integrated line intensity will already be calibrated and the uncertainty is

easily propagated.
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