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ABSTRACT

Rising demand of electric propulsion spacecrafts has triggered research for better, more reli-
able thrusters and alternative propellants. To increase the speed of development, testing and
space qualification of these new thrusters and propellants, it is necessary to employ a wide
range of diagnostics.

In this work, a new diagnostic method has been developed for characterizing the plasma
of radio-frequency ion thrusters. However, the method should, in principle, also be applicable
to other plasma based electric propulsion devices. The method makes use of plasma param-
eter measurements with established Langmuir probe diagnostics on a reference setup similar
to a real thruster. At the same time, optical emission spectroscopy of the plasma near the
Langmuir probe is performed. Both of these measurements are combined in order to reveal
the correlation between a plasma’s optical emission spectrum and its plasma parameters. An
integral part of the evaluation process is the compression of the information contained in the
spectrum, which is done using principal component analysis. Contrary to the normal proce-
dure of getting plasma parameters from a spectrum, this method has no need for theoretical
plasma models but is purely empirical. Therefore, it does not rely on databases with cross
sections and transition probabilities. In particular, these circumstances make it a useful tool
for analyzing complex plasmas made from gas mixtures or exotic propellants like iodine.

In the future, these diagnostic options may be employed to assist in thruster characteri-
zations to speed up tests and qualification efforts.
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ZUSAMMENFASSUNG

Die steigende Nachfrage an Raumfahrtzeugen mit elektrischen Antrieben treibt die Forschung
fiir zuverlassigere Triebwerke und alternative Treibstoffe voran. Um die Geschwindigkeit in
der Entwicklung, den Tests und der Weltraumqualifizierung dieser neuen Triebwerke und
Treibstoffe zu beschleunigen ist ein breit aufgestelltes Sortiment an Diagnostiken erforderlich.

In dieser Arbeit wurde eine neue Diagnostikmethode entwickelt um Plasmaparameter von
Hochfrequenz-lTonentriebwerken zu bestimmen. Allerdings sollte diese Methode prinzipiell
auch auf andere plasmabasierte elektrische Triebwerke anwendbar sein. Fiir diese Methode
werden die Plasmaparameter an einem Triebwerk oder einem triebwerkahnlichen Aufbau mit
der etablierten Langmuirsondendiagnostik gemessen. Gleichzeitig werden Messungen mit op-
tischer Emissionsspektroskopie an dem Plasma nahe der Langmuirsonde durchgefiihrt. Diese
beiden Messungen werden kombiniert um die Korrelation zwischen dem optischen Emission-
sspektrum des Plasmas und den Plasmaparametern aufzudecken. Ein integraler Bestandteil
der Auswertung ist die Komprimierung der Informationen, die im Spektrum enthalten sind,
was iiber eine Hauptkomponentenanalyse realisiert wird. Entgegen der gangigen Prozedur
zur Bestimmung von Plasmaparametern aus Spektren ist diese Methode rein empirisch und
benotigt kein theoretisches Modell des Plasmas. Daher werden keine Datenbanken mit
Wirkungsquerschnitten und Ubergangswahrscheinlichkeiten bendtigt. Speziell deshalb ist
diese Methode ein niitzliches Werkzeug um komplexe Plasmen aus verschiedenen Gasen oder
aus exotischen Treibstoffen wie Iod zu analysieren.

In Zukunft kann diese Diagnostik eingesetzt werden um bei der Charakterisierung und
Qualifizierung zu helfen und Testprozeduren zu beschleunigen.
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1. INTRODUCTION

Today, space flight has gained considerable importance in modern society. This holds for
telecommunication, internet, research or space exploration and observation [1]. Most appli-
cations of space flight require some sort of propulsion, as it is the only way to maneuver
a spacecraft. For takeoff from Earth’s surface, the use of high thrust chemical rockets is
currently inevitable. When reaching an Earth’s orbit the situation is different, as the space-
craft now already possesses the velocity corresponding to this orbit and only the drag, e. g.,
from the atmosphere, needs to be compensated requiring much smaller thrusts than the or-
bit raising itself. Such a stable orbit can be kept with a variety of propulsion systems. At
the beginning of space flight history, smaller chemical thrusters were used to stabilize or-
bits. While the chemical thrusters are still being used, electric propulsion (EP) systems have
become an established alternative [2-4]. While EP thrusters suffer from low thrust in com-
parison to their chemical counterpart, they can achieve significantly higher fuel efficiencies.
This allows for a much lower mass of the whole propulsion system than it could be achieved
with a chemical propulsion system for the same application. In space flight the total mass
of a spacecraft is limited by the capabilities of the carrier rocket. Reducing the mass of the
propulsion system means that more mass is available to better fulfill the actual purpose of
the spacecraft, i.e., more payload can be accommodated, e.g., additional sensors may be
installed or a more powerful antenna may be used. EP systems can also be employed to
reduce launch costs, as a smaller carrier rocket can place the spacecraft in a low orbit while
the EP thruster slowly moves the spacecraft to its target orbit.

To further enhance the capabilities of EP systems and to fully explore their advantages,
research on these systems is still ongoing [3,4]. The research on alternative propellants is
one field, which gains increasing interest [3-17]. For plasma based thrusters, xenon is the
commonly used propellant today, as it has a high mass, is chemically inert and has a fairly
low ionization energy. It is, however, a rare and, therefore, expensive resource [4,/18,|19).
Alternatives are, for example, lighter and more abundant noble gases like krypton [5,/6,9,11-
13] or heavy molecular iodine [10,/15,/16].

Characterization, optimization, and qualification of EP thrusters require suitable tools.
The development and refining of diagnostic systems is therefore an integral part of EP re-
search. As many EP devices operate with a plasma of some sort to generate thrust, plasma
diagnostics are widely used to study the processes inside or around the thruster [3}|4|20-26].
Invasive probes provide a direct way of measuring plasma parameters like the electron tem-
perature and density [27-29], but they are not viable for some thruster types due to the
lack of access, e. g., in case of gridded ion thrusters. Invasive probes also disturb the plasma
locally and are therefore less favorable, especially for characterizing small thrusters [20430].
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Non-invasive techniques like beam diagnostics, thrust measurements, performance data and
grid analysis are widely used techniques [31H33|. Another option to determine thruster pa-
rameters is optical emission spectroscopy (OES) [30,34-43].

In this work, a measurement principle was developed and established which allows the
determination of the internal parameters of a plasma, in particular electron temperature and
density, using an empirical correlation of OES and Langmuir double probe measurements
[42,43].

In order for this method to work, a reference plasma is investigated in a wide range of
operational points in terms of its optical emission spectrum and plasma parameters. Spectra
and plasma parameters are acquired using a spectrometer with an intensified charge coupled
device (ICCD) camera and a Langmuir double probe, respectively [42,/43]. The vast infor-
mation from the spectra is compressed into small sets of new parameters using a principal
component analysis (PCA) [44]. The PCA is a technique capable of reducing the dimensions
of a data set like a set of spectra. Each spectrum consists of intensity values recorded at
different fixed wavelength positions. Each wavelength position can be considered as a coor-
dinate axis and the corresponding intensity value of a spectrum as its coordinate along this
axis. A spectrum taken at n wavelength positions can be represented by a single point in
the n-dimensional coordinate system spanned by the coordinates given by the wavelength
positions. A series of spectra can be imagined as a cloud of data points which may correspond
to a manifold of lower dimensionality. Rotating the coordinate system to a new coordinate
system may help to distinguish the data adequately with a smaller number of coordinates.
In this new coordinate system resulting from a PCA, the dimensions are called principal
components and are sorted by their significance. It is usually sufficient to consider only the
first few of these principal components to fully characterize the differences between the spec-
tra. A spectrum can then be described with one value, or so called score, on each principal
component axis. The resulting principal component scores and the plasma parameters are
then coupled together and, thus, yield a correlation [42,43]. This correlation is a function
that describes the behavior of a certain plasma parameter according to a spectrum’s princi-
pal component scores, which can be obtained from the already performed PCA. With such
a correlation established, the optical emission spectrum of a comparable plasma is already
sufficient to determine its plasma parameters.

The correlations can then be employed to investigate the behavior of plasma parameters
in situations, where the Langmuir diagnostics are difficult to realize, e.g., in time-resolved
measurements. Under the assumption that excitation and relaxation of the electronic states
of the plasma atoms are in equilibrium, we applied such correlations to time-resolved spectral
data in order to examine the time evolution of plasma parameters within one rf cycle [42].
Since the method works well for xenon, it was also applied to krypton and xenon/krypton
mixed plasmas [43]. Another application could be to investigate the spatial distribution of
plasma parameters inside a thruster by recording spectra at different positions as a reference
for theoretical modeling.

Contrary to other OES methods, which rely on a theoretical microscopic plasma model
and the underlying data for excitation cross sections and transition matrix elements (e. g. for
argon [36,45-58] or xenon [30}34,3537-41},/55,59-61]), the approach in this work has no need
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for any external input data [42,43]. This makes the method very versatile for plasmas with
exotic propellants like iodine [15,16] or propellant mixtures, where only few to no microscopic
data is available. But also for regularly used propellants, such as xenon, this principle can
yield valuable insight into the processes inside the plasma of a thruster and help to shorten
testing and qualification times.
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2. BACKGROUND AND FUNDAMENTALS

2.1 Radio-frequency ion thruster

The radio-frequency ion thruster (RIT) was invented by H.L&b in the 1960s [62,63]. A
schematic illustration of a RIT is shown in Fig.2.1] The plasma in a RIT is contained by
a discharge vessel made from a non-conductive and heat resistant material like quartz glass
or aluminum-oxide. The vessel is surrounded by a coil, which is driven by a radio-frequency
signal in the range of 1 MHz and which is responsible for generating a plasma. A system of
grids biased with high voltages accelerates ions from the plasma inside the vessel to space
and thus generates thrust [2-4]. The grid system consists of at least two grids. The screen
grid has contact with the plasma and is biased with a high positive voltage up to several
kilo-volts with respect to the satellite ground potential. The screen grid is usually very thin
and has a high transparency. The acceleration grid (or short accel grid) is positioned behind
the screen grid and is biased negative with several hundreds of volts. It serves as a shield for
the screen grid against electrons from a neutralizer, which would otherwise be attracted by
the positive high voltage. It also focuses the ions extracted from the plasma. Contrary to
its name, the accel grid does not globally accelerate ions. While ions are accelerated towards
the accel grid, they are decelerated after passing it, so the net acceleration comes only from
the potential difference between the reference potential and the plasma, which is determined
mainly by the voltage on the screen grid. In contrast to the screen, the accel grid is thicker
and has smaller holes, so its transparency is lower. The holes in the two grids align to form
extraction channels. The channels focus the ions from the plasma through the accel grid
such that they form a directed beam. Since the ions are guided through the accel grid, the
transparency of the grid system is higher for ions than for neutrals. Optionally, a third grid
on spacecraft ground potential can be positioned behind the accel grid. This deceleration
grid (or short decel grid) decelerates the extracted ions by the potential difference between
accel and spacecraft ground. Since this deceleration is supposed to happen anyway, the decel
grid does not reduce the thrust this way. By adding this third grid the accel grid is protected
against charge exchange ions that form behind the thruster.

2.2 Lifetime issues

The lifetime of a RIT is limited by the degradation of its grid system, if the neutralizer is
not considered. The degree of grid degradation is related to the chosen operational point
of the thruster, which itself is related to the plasma parameters. To determine the plasma
parameters under realistic conditions, the thruster has to be characterized without modifica-
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screen grid
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Fig. 2.1: Schematic image of a radio-frequency ion thruster. Propellant gas (here xenon) is inserted
into the discharge vessel from the left. The plasma is maintained by an rf coil through
inductive heating of the free electrons, which collide with the propellant atoms and ionize
them. Ions passing the positively charged screen grid are accelerated towards the negatively
charged accel grid. After passing the accel grid, the ions are slightly decelerated until
exiting the thruster via the grounded decel grid. A neutralizer next to the RIT emits
electrons to keep the overall reference potential constant.
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tions or disturbances, which rules out the use of invasive diagnostics. Therefore, non-invasive
diagnostics are necessary to characterize the plasma. During operation, the grids can degrade
by three processes.

o direct impingement: The first and severest process is the direct impingement of accel-

plasma meniscus

screen : /+1000 v \ -+1000 V

X

accel 50 V -500 V

decel ] [y [

over-focused under-focused focused
beamlet beamlet beamlet

Fig. 2.2: Schematic depiction of correct and incorrect ion beam focusing for different accel grid
voltages on the example of a single beamlet.

erated ions onto the acceleration grid [64]. This process is directly linked to the ion
beam focusing and occurs when accelerated ions hit the acceleration grid directly as
shown in Fig.2.2l Here, the plasma parameters in conjunction with the grid voltages
determine the plasma meniscus at the entrance of the extraction channels. The shape
of this meniscus determines the focal point. The ion beam will be over-focused, if the
plasma meniscus is strongly concave (Fig. left). The ions are accelerated towards
the acceleration grid but if over-crossing within the beamlet occurs, ions hit the accel-
eration grid instead of going through the extraction channel of the grid system. The
ion beam will be under-focused, if the plasma meniscus is weakly concave (Fig. cen-
ter). A large fraction of ions is then accelerated directly onto the acceleration grid. On
impact, the ions have an energy of

B = q<q)plasma + Uscreen - Uaccel) (21)

where ¢ is the ion charge, ®plasma i the plasma potential and Uscreen and Upceel are
the voltages on the respective grids. The impact energy can be up to several kilo-
electron volts, leading to an extremely high sputter yield. Taking the under-focused
beam in Fig. (center) as an example and assuming a titanium accel grid, xenon
propellant and 40V plasma potential, the sputter yield on perpendicular impact is
Y = 1.052% and 1.643XZ—§+ [65]. In addition to the damage on the accel grid, the
sputtered grid material may be deposited inside the plasma vessel causing a conductive
coating on its surface, which shields the RF signal which excites the plasma and, thus,
rapidly decreases the thruster’s performance. Luckily, this process can be prevented by
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focusing the ion beam correctly (Fig. right). However, defocusing may also occur
despite the ion optics being set up correctly. If, e. g., an arc forms between the grids,
it can temporarily cause an over-current on the acceleration grid. This may lead to
a drop-off in the grid voltage, which itself changes the ion optics and therefore causes
defocusing. Even after an arc the grid voltage cannot be restored immediately, since
the ions impinging on the grid keep up the over-current. The best way to prevent
premature grid failure by spontaneous defocusing is to choose an operating point with
high tolerance to grid voltage changes and a controller, that detects defocusing and
switches off the extraction.

charge exchange: The plasma contains ions, but also neutrals. An electron can be
transferred from a neutral to an ion, while neutral and ion velocity remain unchanged.
This reaction is called charge exchange and may cause degradation of the accel grid,
when it occurs inside the extraction channels [64,/6669]. When an ion during acceler-
ation gets an electron through charge exchange, the former ion continues its path and
usually leaves the thruster, since it was already directed towards the outside. However,
the former neutral, now with a positive charge, is attracted by the negative potential of
the accel grid. Since it is relatively slow compared to the accelerated ion, the trajectory
of the former neutral does not follow the focused ion beam and has a high probability
of hitting the accel grid. At worst, the charge exchange ions can have an impact energy
up to that of the (singly charged) accelerated ions, if they are generated close to the
screen grid. However, charge exchange can also occur close to the accel grid, where
the new, slow ion gains almost no energy before impact, leading to a range of possible
impact energies with a maximum given by Eq.2.1l Over time, the acceleration chan-
nels will increase in diameter due to sputtering by charge exchange ions. The sputtered
accel grid material can, of course, also enter and coat the discharge vessel, similar to
the case of direct impingement. Unfortunately, the charge exchange process cannot be
prevented. It can, however, be reduced by lowering the pressure inside the discharge
vessel. This lowers the amount of neutrals, that can undergo a charge exchange process
with an ion. A lower discharge pressure comes with the downside of a higher power
demand to maintain the same ion density in the plasma, so that the thrust remains
constant.

screen sputtering: Another downside of a lower discharge pressure is the increase in elec-
tron temperature. The bulk plasma is on the plasma potential ®pjasma, Which is higher
than the wall potential ®,;. The ions in the plasma are therefore accelerated towards

the walls by the potential difference between bulk and wall A® = % (1 +1In <ﬂ>)

2T Me
[70,71], which is in the range of some tens of electron volts and scales linearly with the
electron temperature. On the screen grid this potential difference may be enough to
exceed the sputtering threshold of the grid material [64,72]. Higher electron temper-
atures also cause more doubly charged ions, which hit the wall with twice the energy
of singly charged ions and, thus, further increase the sputtering rate. Although not as
severe as the direct impingement, the screen sputtering can also contribute to the coat-
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ing of the inside of the plasma vessel with conducting material over time and decrease
performance. A good balance between screen sputtering and charge exchange has to
be found to maximize the thruster’s lifetime.

2.3 Plasma in the RIT

To form a plasma, electrons are separated from some atoms in a gas. This ionized gas consists
of ions and free electrons, and also neutral gas atoms. The atoms are ionized by collision
with free electrons with energies higher than the ionization threshold of the neutrals. If the
mean free path A is much shorter than the dimensions of the plasma vessel, the atoms in a
gas have energies that follow to a first approximation a Maxwell-Boltzmann distribution

#(E) = % TVE -7 (2.2)

which is only defined by the temperature 7. The mean free path A is [73]

1

A T3 n (2.3)
where d is the diameter defining the scattering cross section (488 pm at 273.15 K for xenon
[73]) and n is the particle density. With an assumed particle density of n =210 m™3, the
mean free path is A = 4.7cm, assuming that the scattering cross section does not change
significantly with thruster temperature. For a RIT-10 with a 10 cm diameter discharge cham-
ber, the assumption of a Maxwell-Boltzmann energy distribution for neutrals and ions is a
good approximation.

The plasma in a RIT is not in thermal equilibrium, which means that the individual
species (neutrals, ions and electrons) are not at the same temperature. However, each species
can be assigned a temperature, i.e., its energy distribution can be described by a Maxwell-
Boltzmann distribution. In a RIT-10 under typical operating conditions, neutrals and ions
are slightly above room temperature at around 500 K or 0.04 eV with the ions being slightly
hotter. The electrons, which are accelerated in the RIT’s rf E-field are, however, much hot-
ter at around 58 - 103K or 5eV [2//4]. The electrons are accelerated over multiple rf cycles
to acquire the kinetic energy to ionize propellant atoms or molecules while simultaneously
thermalizing by elastic collisions. The energy absorbed during the inductive heating of the
electrons is transferred to the neutrals in inelastic collisions, leading to excitation and ioniza-
tion of the collision partners. While ionization is a desired process in an ion thruster, losses
due to excitation are unwanted but cannot be avoided. A RIT also has physical boundaries in
form of its discharge chamber walls and grid system where electrons and ions are lost. While
entering of ions into the grid system, where they generate thrust, is desired, losses to the
discharge chamber walls contribute to a lowering of the electric efficiency of the thruster [2].

The electrons in an atom reside in quantized energy levels which can only be derived
theoretically by solving Schrodinger’s equation accounting for many-body effects, i.e., the
Coulomb repulsion between electrons. These energy levels are distinguished by the quantum



22 2. Background and fundamentals

LLFW_L_
NS aaan

teI‘m R F SaREEREaaRRR] ? =~ R =~
O B SBIe MmN 0 AN M MmInm o PSSO e e )
[ B B ] «a 3 B~ B B B IS B S B B 3] [ B B B B B B ) B B IS B | «a [ I~ B B B B~ ) B B B B B | «a 3 B B o B B B B )
12,1298

Z;ZZZEE Xeo ]

12 == —

11,75 t —— S

exitation energy (eV)
= =
(S [
|

|

|

|

|

|

|

)_.
=
T

|
|
II
II
|
1

d orbital f orbital g orbital

10,5
s orbital p orbital _
10+ _ - i

9_ - -
g [==
2101 1231201210 014232312231 124532343342 23563445

total agular momentum quantum number J

Fig. 2.3: Overview of the energy levels of neutral xenon. 341 out of the 443 levels listed in Ref.|74
are shown. The energy axis has an exponential scale to visually separate the higher energy
levels with the maximum set to xenon’s ionization energy of roughly 12.1eV [74].

numbers. An electron has to make a transition to another energy level either by external
excitation or radiative or non-radiative relaxation in order to change its energy. As an
example, the energy levels of xenon according to Ref.[74| are shown in Fig.[2.3. The electrons
in an atom can be excited to a higher energy level by absorption of photons, or collision with
electrons or other heavier species like atoms or ions. A radiative relaxation from an excited
state Eypper to the state Elower produces a photon of the energy Epnoton = Eupper — Elower-
In most cases, this relaxation happens by spontaneous emission of a photon. The optical
transition from one energy level to another has a certain probability, usually given by the
Einstein coefficient Ay ;, which is the inverse half-life or relaxation time. Optical transitions
with a high Einstein coefficient usually produce stronger spectral lines than transitions with
a lower Einstein coefficient from the same original level, as more photons are generated
in a given time in an ensemble of atoms. It is also possible to trigger the emission of
a photon by stimulating an excited atom with another photon of the same energy. This
stimulated emission is the basis of lasers. However, only the spontaneous emission is relevant
in this work as the probability of stimulated emission is orders of magnitude smaller than
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that of spontaneous emission under the experimental conditions used. A defined continuous
excitation of an ensemble of atoms or a plasma typically yields a stationary state of the system
with an equilibrium of excitation and non-radiative and radiative recombination processes.
This also implies that the relaxation processes between the electronic states are in a steady
state. As a consequence the optical emission spectrum of such a system is characteristic for
the system’s excitation state. The emitted photons can be collected by an optical system
and be recorded by a spectrometer with detector for further analysis.

Knowing all relevant microscopic processes and parameters, a plasma can be modeled
theoretically on a microscopic level. Such models can give valuable insight during the design
phase of a thruster to get estimations on the power consumption and performance [75]76]. By
modeling the excitation and relaxation processes utilizing the knowledge about cross sections,
selection rules and transitions, the plasma’s optical emission spectrum can in principle be
calculated.

In reality, however, setting up a reliable theoretical microscopic model of a plasma is
a severe challenge. The model needs input in form of plasma parameters like the electron
temperature. This temperature refers to a Maxwell-Boltzmann electron energy distribution
function (EEDF) as shown in Eq. While the assumption of a Maxwell-Boltzmann energy
distribution is sufficient for the neutral gas and ions, the electron energy distribution function
(EEDF) cannot necessarily be described by Eq.[2.2] as the fast electrons in the Maxwell tail
may be suppressed [51},77H79]. Instead of Eq., the EEDF can be described by a more
general approach given as [77-H79)

fa,B)=¢, - T 3VE - %(F) (2.4)

with the parameters ¢| and ¢, being

Sr(2)? (1 (2)\"
d=x- (g) L‘”)S and d, = (2) (F (2;)) (2.5)
(&) 3/ \I'(z;)
where I'(z) is the gamma function.

The general energy distribution function complicates the modeling by adding the addi-
tional shape parameter z. If z is equal to 1, Eq.[2.4 will yield Eq.[2.2] Increasing x suppresses
the Maxwell tail until a Druyvesteyn distribution is reached at z = 2.

In addition, the density distributions are dependent on, e.g., the shape of the plasma
vessel, rf-coil and grid geometry as well as the operational point of the thruster. Assumptions
can, for example, be made based on simulations or previous experiments. As the densities
can vary spatially, the temperatures will also vary.

The plasma parameters and their distributions are responsible for the state of the plasma
and, therefore, its excitation, which means that the optical emission spectrum is strongly
related to the plasma parameters describing the state of the system. However, the mecha-
nisms of excitation and relaxation are quite complex with a huge number of energy levels and
species to consider. For single atomic plasmas like noble gases, the amount of species that
has to be considered is still manageable. Molecular plasmas like nitrogen, oxygen or iodine,
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however, consist of more species as the molecules can dissociate and form positive as well
as negative ions. Lighter noble gases like helium or argon are less complex due to the lower
number of energy levels that have to be considered. There are theoretical microscopic models
that simulate the excitation and relaxation between the energy levels of an electronic system,
some with more, others with less complexity [30}[34}-41},45-61]. These models typically mod-
ify their input parameters to match measured and simulated spectrum or find correlations
between line intensities and plasma parameters and apply them to a measured spectrum.
The models usually focus on the most relevant transitions and excitation mechanisms for
their specific application to reduce the complexity. These simplifications are, however, not
necessarily valid for other applications, if other gases are used or the excitation or ionization
mechanism is different. To give an example: Literature lists 443 energy levels for neutral
xenon alone [74], while only 173 levels are considered in the model in Ref.[37 and only 38
levels in Ref.|61. Sometimes it might be justified to neglect some interaction mechanisms like
excitation in ion-atom collisions or electron excitation of already excited atoms (excitation
from metastable states). In other cases, these mechanisms are essential to yield a result close
to reality [35]. Aside from simplifications for the sake of reducing complexity of a model, the
cross sections needed to calculate excitation rates for the different species and energetic levels
are not always available. Furthermore, it is difficult to determine such missing parameters
experimentally or to predict them theoretically [80-85]. This gets even more difficult when
implementing a model of a plasma of mixed gases or a molecular propellant.

To show that a model is working correctly and is predictive, a comparison with a direct
plasma parameter measurement and optical emission spectra is inevitable.

2.4 Optical emission spectroscopy

A spectrometer uses diffraction to disperse photons of different wavelengths. A detector
then measures the amount of photons I(\) and their respective positions on the detector
corresponding to a wavelength \. If the wavelength positions of the measurement system and
the detector response is determined, the optical emission spectra obtained will be independent
of the measurement system and indeed characteristic for the emitter. In case of a plasma,
the spectrum contains information about the composition of the plasma, the density and the
excitation conditions.

In this work, a Czerny-Turner spectrometer with an optical length of 0.5 m is used to dis-
perse the light from a plasma. A Princeton Instruments PI-MAX J 102/f intensified charge-
coupled device (ICCD) camera was attached to the spectrometer and served as detector.
The Lightfield software was used to control the ICCD. With the ICCD both continuous-wave
(cw) as well as time-resolved measurements on the nanosecond scale were conducted. In the
near infrared (NIR) region (around 830 nm), the setup of spectrometer and ICCD reaches a
resolution of about 28 pm/pixel. In the near ultra-violet (NUV) region (around 390 nm) the
resolution gets slightly worse with about 33 pm/pixel.

The operating principle of the Czerny-Turner spectrometer is shown in Fig.[2.4 To mea-
sure a spectrum, the light from the plasma is focused onto the slit of the spectrometer, either
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Fig. 2.4: The setup and operating principle of the used parallel Czerny-Turner spectrometer is
shown. Light from the plasma is focused on a fiber through a lens. The fiber is connected
to the entrance slit of the Czerny-Turner spectrometer. The light is dispersed by wave-
length on a diffraction grid and recorded by an ICCD camera, yielding an optical emission
spectrum.

directly or via an optical fiber. From the slit the light travels through the spectrometer and
falls on a concave mirror, where the light is parallelized and reflected towards a reflective
diffraction grating. This grating disperses the incoming light according to the wavelengths of
its photons. The dispersed light, typically of the first order of diffraction, falls onto another
concave mirror to focus it onto the detector array. The focal points of the different wave-
lengths are located on a line across the detector array due to the diffraction of the light by
the grating. Light of the same wavelength falls on the same column of the detector array and
its intensity is integrated yielding /(). The light that does not hit the second concave mirror
is absorbed by the black walls of the spectrometer. The wavelength range falling onto the
ICCD array can be selected by rotating the diffraction grating as indicated in Fig[2.4 After
recording, the spectrum needs to be response corrected to be comparable with theoretical
spectra.
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2.5 Principal Component Analysis

2.5.1 Basic principle

A typical challenge in analyzing measurements may be that the information of interest is
hidden in a data set consisting of a large number of correlated variables. Such a situation
may add a high degree of complexity to the evaluation and good ways of extracting the
desired information need to be found. One example of such measurements is an optical
emission spectrum. To resolve the line shape of all the optical emission lines in the range
of interest, an optical emission spectrum typically consists of I(\) recordings with several
closely spaced sampling points A across each emission line. These may be in the order
of 1000 sampling points in the spectral range of interest. As a consequence there will be
strong correlations between I(\) and I()') recorded at different A and X. A possible way
to shed light on the data, i.e., to reveal correlations or differences clearly, is the reduction
of the dimensions of the problem. In short, a new and smaller set of variables can be found
which sufficiently describes the large amount of information contained in the measured data.
Several techniques exist to reduce dimensions of a set of variables like factor analysis [86], non-
negative matrix factorization [87], linear-discriminant analysis [88] and principal component
analysis (PCA) [44], which was used in this work.

The PCA determines a new set of axes which are sorted by the variance in the data they
cover. The first axis or principal component PC covers the largest fraction of the total
variance, the second axis PCy covers the second largest fraction, and so on.

Fig.[2.5 illustrates the process of the PCA. A set of points is arranged in a flat ellipsoidal
pattern, which is located shifted and rotated in a three-dimensional coordinate space. The
three main axes of the ellipsoid in Fig.[2.5] are easy to spot. The direction with the longest
axis has the highest variance. The PCA first determines the axis with the highest variance,
which is very close to the main axis of the ellipsoid and shown as a red line in Fig.[2.5] The
second highest variance is found on an axis close to the second axis of the ellipsoid (shown as
a blue line) and the last axis along the flat side of the ellipsoid (shown as a green line). As
there are only three dimensions, there can only be three principal components. The principle
directions also form a cartesian coordinate system, i.e., the directions are perpendicular to
each other.

The points are transformed into the new coordinate system of PC) (red), PCy (blue)
and PCj (green) which can be seen in Fig.. The coordinates of a point in this PC-
coordinate system are also called scores. Since PCj follows the flat side of the ellipsoid
pattern, it does not hold much additional information about the main differences in the
data set and is therefore not shown in Fig.2.6, From the PCA result, further evaluations
and interpretations are more facile than from the original data. In this simple example, the
process is very intuitive, but the PCA can also be applied to data with a higher amount of
variables or dimensions. In addition, the computational power required to perform a PCA is
not high, as only some linear vector algebra needs to be performed.
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Fig. 2.5: A set of artificial data, arranged on a shifted and rotated ellipsoid. The red, blue and
green lines represent the axes of highest variance PC;, PCy and PCs5, which resulted from
a principal component analysis.
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Fig. 2.6: The artificial data shown in Fig.[2.5] but transformed into the PCA coordinate system
spanned by the red, blue and green line in Fig.[2.5] The green PCs-axis is not shown, as it
barely adds more information. The coordinates of each data point are also called scores.



28 2. Background and fundamentals

2.5.2 Algorithm to perform a PCA

The mathematical formalism behind the PCA is shown in more detail below for an n-
dimensional data set. This set of m measurements (S to S,,) with a number of n measured
variables each is defined as

rn 21 Tm1

= T12 - T2 — Tm2

Slz . aS2: . a"';Sm: . . (26>
T1n Ton Tmn

S =" (27)

which is subtracted from the data before further evaluation to center them like it was done
in Fig.|2.6l From these measurements the covariance matrix C is set up as

o111 012 ... O1n
0921 0929 ... O92n

c=|( _ . (2.8)
Ont Op2 ... Onn

where the individual covariances o;; are calculated according to

m

0 = — -3 wa — ) - (g — 7). (2.9

m
k=1

The eigenvalues of the covariance matrix C (A; > ... > A, > 0) are the variances of the
data in the direction of the eigenvectors PC;. These eigenvectors of the covariance matrix
C are the principal component axes, which form an orthogonal system that serves as a new
coordinate system. The first few principal components represent the differences in the data
set almost entirely, since the eigenvectors are sorted by variance.

One way to compute these eigenvectors is to multiply a random vector €, with the matrix
C and normalize the result. This multiplication is performed multiple times until the resulting
vector converges to a constant value as shown in Eq.
C-.¢
|C - &l
This constant vector €; is then the first eigenvector and, in case of the PCA, the first principal

component axis PC;. The length |C-&]| or |C-PC}| is the first eigenvalue A; corresponding
to the variance along PC4, so Eq. becomes

A& =C-é. (2.11)
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The coogdinates or scores on this PCi-axis are calculated by scalar multiplication of the data
vector S; and PC, .

To obtain the second eigenvector, the P(-axis is subtracted from the data points S_i
S/ =8 —pc,; PC, with i=0..m. (2.13)

Afterwards the new covariance matrix C’ is calculated according to Eq.2.8] The second
eigenvector and principal component axis PC, is determined by the same repetitive multi-
plication used for PC as shown in Eq.[2.10] just with C’ instead of C. The score calculation
and data reduction is also performed equivalently to Eq.[2.12] and [2.13]

This algorithm is continued until all n eigenvectors are found. If the data is made up of a
large number of variables, it can be advantageous to just compute the first few eigenvectors
instead of all, since their relevance for the data separation decreases with each step.

With all (relevant) eigenvectors calculated, the data can be described as a linear combi-
nation of the average spectrum (see Eq. and all PCA-axes scaled by their scores

Jj=1

The described algorithm is summarized as a flow chart in Fig.[2.7]

2.5.3 Data pre-processing

OES measurements offer a suitable means of non-invasively probing the plasma inside an
ion thruster. While it is easy to perform such a measurement, some care has to be taken
before the measurements while setting up the experiment, during the measurements, as well
as afterwards while evaluating the collected data in order to ensure the acquisition of a
consistent and comparable data set.

The PCA is very sensitive towards small changes in the analyzed data. Such changes
can be tiny wavelength drifts of the spectra due to temperature changes, vibrations or other
mechanical shocks. These factors can be reduced by using a sturdy setup in an air-conditioned
laboratory, which also reduces the disturbances in the measured spectra.

Another important point is the background in the spectra. To avoid an influence of the
background on the PCA, a measured spectrum has to be background corrected. Ideally,
optical measurements are performed in a dark room with minimal and constant background.
This background can then be measured in advance and be subtracted from the measurements
directly. In reality, ion thrusters need large vacuum chambers that are typically not located in
dark rooms. In this case, providing a constant background is a good compromise. It is practi-
cally the same as in a dark room but of somewhat higher intensity. If a constant background
cannot be provided, e.g., due to natural light entering the laboratory, the background will
have to be estimated for each measurement individually. Here, the regions without emission
lines can be used as background directly. In the regions with emission lines the background
has to be approximated using the regions without emission lines as a reference.
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Fig. 2.7: A flow chart of an algorithm that performs a PCA by setting up the covariance matrix
and computing its eigenvectors.
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Fig. 2.8: Example of a xenon spectrum in the region of 815 to 842.5nm. The regions in which
the individual lines are integrated are shown in different colors. The relative spectrum
is obtained by normalizing the absolute spectrum with the summed intensity of the full
spectrum.

If optical measurements are performed with different setups, the spectra can vary due to
the optical transmission properties of the components used. So, measurements have to be
corrected for the optical response of the measurement system prior to comparing them with
measurements taken with another setup. To determine the optical response, a light source
with a known spectrum Siea(A) is measured with the optical setup used for the experiment,
yielding the measured spectrum Speasured(A). The response correction function feorrection ()
for this setup is then given by

Sreal()\)

correction A =————"7"—. 2.15
f ‘ ( ) Smeasured <)\) ( )
Spectra measured during the experiment S/ ......q(A) can then be multiplied by fcorrection(A)

to yield the setup-independent spectrum Sj,; ().

On different setups or measurement series, the intensities might be different, e. g., due to
other distances or detector settings. To compare different spectra to one another, it is often
advantageous to compare relative spectra instead of absolute ones. For absolute spectra, a
PCA would yield the overall intensity as the axis with the highest variance, although the main
subject of interest is the change in line intensity ratios. Here, a spectrum is normalized by
dividing it by the integral intensity of the full spectrum after having performed background
and response corrections. The spectrum shown in Fig.[2.§ also has a relative intensity axis
on the right.

In addition, the intensities of the individual emission lines are integrated by adding the
counts of all wavelength positions that fall into the linewidth interval as illustrated in Fig.[2.§
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Fig. 2.9: Schematic images of three Langmuir probe types (single, double and triple) with cylin-
drical electrodes in a ceramic holder.

So, technically it is not a real integration since this would require a multiplication with the
wavelength difference between two wavelength positions AX. The result is a cumulative
intensity over the linewidth instead of the area under the curve. Since A\ is approximately
constant within the observed spectral region, the results are unaffected by this simplification.

2.6 Langmuir probes

Electrical probes can be used to measure both temperature and densities of the charged
species inside a plasma. Some probes can also determine the detailed electron energy
distribution function (EEDF) from which the shape parameter z (see Eq.2.4) can be ex-
tracted in addition to the temperature. A suitable tool for plasma diagnostics are Langmuir
probes [27-29,89]. Essentially a Langmuir probe is a wire in the plasma, biased with a voltage.
This voltage is then swept from negative to positive values to determine the voltage-current
characteristic of the plasma, which can be analyzed to determine characteristic parameters
of the probed plasma, such as electron temperature, density or EEDF.

To reduce the influence of plasma effects on the measurement, a second wire can be
inserted into the plasma close to the first wire [27-29,]89]. The sweeping voltage is applied
between the two wires. However, a double probe is somewhat restricted in the determinable
plasma parameters and can only yield electron temperature and density.

A third wire may be added to be fully unaffected by rf-influences [28,/89]. Here, three
points on the characteristic double probe curve are constantly measured, yielding the electron
temperature and density very quickly. However, since only three points of the characteristic
are known, the real shape of the curve is unknown and has to be estimated.

Here, a Langmuir double probe has been used in all measurements. The schematic setup
is shown in Fig.[2.10} The plasma is generated in a RIT-10 discharge vessel. The Langmuir
double probe is inserted in this discharge vessel through a special gas inlet. The Langmuir
double probe is realized as two cylindrical tungsten electrodes at the end of a ceramic holder.
The electrodes are connected to wires inside this holder. The wires run through the holder
outside the discharge vessel. From there, each wire is connected to two cables to realize a four-
wire measurement, so cable resistances can be neglected. The Keysight B2901A Precision
Source/Measurement Unit is used as a power supply as well as the voltage and current
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Fig. 2.10: Schematic image of the measurement setup with a Langmuir double probe.
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measurement system. The voltage is increased from —100V to +100V in , e.g., 0.1V steps
each 50ms, yielding the typical Langmuir double probe characteristic as shown in Fig.[2.10L

In general, a plasma can be characterized by the energy and density distributions of its
individual species. The Langmuir double probe used here can, of course, not measure all
these parameters, so a few assumptions have to be made. Since the probe measures only
on a specific location inside the plasma, a density distribution can only be determined, if a
movable probe is used, which was not the case here. Here, the following assumptions were
made:

e low temperature plasma T, = T} = Tambient
Since the plasma in a RIT is an rf plasma, it is assumed that neutral gas temperature
and ion temperature are close to the ambient temperature.

e low ionization degree n, = Niotal
Due to a low ionization degree, it is assumed, that the ion pressure has no significant
contribution to the total gas pressure. This also includes the assumption, that no
significant amount of doubly (or higher) charged ions is present in the plasma.

e quasi-neutral plasma n, = n;
The global plasma is assumed to be neutral, so the electron and ion densities are equal.
Local inhomogeneous densities like in the plasma sheaths are not taken into account
here.

e Maxwell-Boltzmann energy distributions (z = 1)
All energy distributions are assumed to be Maxwell-Boltzmann distributions. This is
sufficient for neutrals and ions, but can cause deviations for electrons, as their energy
distribution functions may be different.

e to be measured: T, and n,
This cuts the remaining plasma parameters that have to be measured down to the
electron temperature and the electron or ion density.
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Fig. 2.11: An image of the used Langmuir double probe taken with a tele-microscope. Note that the
measurement scale on the ruler is in millimeters. The pictures of the ruler and probe were
taken separately and later edited into a single picture to determine the probe dimensions.

In this work, a Langmuir double probe is used to measure the plasma parameters in-
side a plasma source similar to a RIT-10. The probe is shown in Fig.2.11} The picture was
taken with a tele-microscope, which is essentially a high resolution camera with an aspherical
lens to avoid image distortion. The probe image can be overlaid with an image of a cali-
brated ruler to determine its dimensions. From Fig.[2.11] the probe length was determined at
6.9mm 4 0.1 mm. The probe wire radius was determined at 0.125 mm =+ 0.0125 mm and the
spacing in between the wires at 1.425 mm + 0.025 mm. After renewing the probe insulation
(left in Fig., the probe dimensions are still within the given error range.

2.6.1 Data pre-processing

As some measurements contained spikes or jumps in the measured probe current, all mea-
surements were investigated by eye before an automated evaluation was carried out. First,
the spikes in the data were identified and removed as shown in Fig.2.12] To do this, a moving
average over 11 probe current points is determined according to

i+5
T(Uz) = 1_11 Z Iprobe(Uj)- (216)

j=i—5

The derivatives of both the measured and the averaged probe currents are determined and
their quadratic deviation relative to the maximum probe current is compared to the threshold
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Fig. 2.12: An example of the method used to reject spikes in the measured Langmuir probe current.
On the left, the measured curve (black) shows some spikes. In the averaged curve (red),
these spikes are less prominent. After applying the spike rejection algorithm, the blue
curve still contains the relevant data points, while the spikes are removed. On the right,
the derivatives of the original (black), averaged (red) and the corrected (blue) probe
current characteristics are shown. Here, the spikes are strongly pronounced and the
difference to the average curve can be detected easily.

value x according to

(a0, -

max (| probe(U)])

All probe current points for which Eq.[2.17]is not fulfilled are not considered for the proceeding
evaluation. To ensure that only spikes are removed and not too much of the data, the value
for the threshold parameter x is chosen manually for each measurement, typically between
2.5-107% and 5 - 10~* depending on the signal to noise ratio. The resulting curve shown
in Fig.[2.12] contains the relevant data points without modification to their values, while the
spikes have been removed and can no longer distort the following fits.

There are also other sources that can disturb the evaluation. An example is the sudden
jump of the probe current shown in Fig.[2.13] These jumps are likely caused by accumulated
contamination between the probe wires that starts to become slightly conductive, thus in-
creasing the effective probe area or allowing current to flow directly between the electrodes.
Such effects occur at higher voltages. While the spike rejection in Fig.[2.12] detects these
jumps and removes the corresponding data points (which do not fulfill Eq. from the
curve, the other data points after the current jump are still considered. Therefore, the evalu-
ation region is reduced so these jumps are not included anymore as indicated by the vertical
dashed line in Fig.[2.13] Due to the spike rejection executed beforehand, several data points
in a row are missing in the vicinity of a jump. To automatically find a jump an algorithm
searches for these gaps and shifts the limits of the evaluation region to the gap with the
lowest voltage. Afterwards a confirmation by eye of the limits ensures that no problematic
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Fig. 2.13: An example of the method used to reject jumps in the measured Langmuir probe current.
On the left, the measured curve (black) shows a sudden jump in current. On the right the
derivative of the characteristic is shown. The vertical dashed line marks the new upper
limit, in which the Langmuir characteristic will be evaluated. The initial limits are found
automatically but can be adjusted by hand afterwards.

regions are left in the evaluation range.

2.6.2 Data evaluation

Now that the data is preprocessed, the actual evaluation is performed automatically by an
algorithm. First, an electron temperature is guessed 7 guess. As the shape of the measured
curve scales with 7, along the U-axis and with the ion saturation current Iy, along the I-
axis, we use T¢ guess to determine the fitting regions. The ion saturation region is assumed
to start above 6.5 times Tg guess in €V. So the positive ion saturation region is fitted between
(6.5 - Tt guess/€V)V and the upper evaluation limit. Accordingly, the negative ion saturation
region is fitted between (—6.5 - T¢ guess/€V)V and the lower evaluation limit. The electron
temperature is determined by the maximum slope of the curve at U ~ 0. The fitting region
is set to (2.125 - T, guess/€V — 0.0625 - (Tt guess/€V)?)V. These relations were determined
according to theoretical curves generated using

I(U) = I - tanh (%) +a-U (2.18)

where a is the slope of the saturation region.

With some probes, the UI-characteristic is shifted and therefore not symmetrical around
zero. This can be caused by a probe bias and may be corrected by centering the curve
at zero. The algorithm does this centering by determining the zero-crossing of the curve
and subtracting it from all voltage values. Afterwards, the positive and negative saturation
regions are fitted with a linear function and +I/,; are determined as the y-axis intercepts.
Since we assume the absolute values of 1, to be equal, (|[sat +| — [fsat.—|)/2 is subtracted
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from all current values. This process of shifting the curve left/right and then up/down is
repeated until
|Isat,+| — ’]sat,—l
usat,+‘ + |Isat,f|

or 40 iterations are reached. Both ion saturation currents should be equal now. For the
probe shown in Fig.2.11], the data was already centered so the algorithm performed only
minor adjustments.

The fit parameters from the last iterations are used to correct for the sheath expansion.
Here the slope of the negative ion saturation region fit a_ is subtracted from the negative
part of the curve, while the slope of the positive region fit a, is subtracted from the positive
part of the curve

<107° (2.19)

a_-U U<O0

Mw_{ayUUZO
Icorrected<U) - I (220)
sat

while everything is normalized by dividing by the ion saturation current Ig. Eq.[2.20] uses
two different slopes, as the two probe wires are not always perfectly identical in shape and
dimensions as it can be seen in Fig.2.11l This can cause slightly different slopes of the
saturation regions, which can lead to errors if they are not considered.

To obtain T, the typical procedure would be to apply an atanh on I.omectea(U) and
determine the slope at U = 0 by a linear fit

1 d
= 2 —atanh(Zeoprected (U . 2.21
T =2 e 0))| (221)

Applied to data that follow the theoretical ideal curve of Eq.[2.1§| this approach yields good
results, as the application of the atanh function actually results in a linear curve. In reality,
slight deviations from this ideal behavior occur, so atanh does not necessarily yield a linear
function. Here, different approaches were tested on a set of measured and generated data.
The first important point is that atanh is practically equal to its argument x close to x = 0

1+z
1—2z

atanh(z) = %ln ( ) ~r if z=~0. (2.22)
This means that it is not necessary to apply atanh in the first place, as the slope at z ~ 0
is unchanged. Other options tried in addition to the standard procedure were a linear fit of
Teorrected, @ third degree polynomial fit of I oprected, & Second degree polynomial fit of %I corrected
and %atanh([mremd) as well as a Gaussian fit of %[Corrected. The most robust evaluation
procedure was the third degree polynomial fit of I.orrected, as it showed only a small dependence
on the choice of the fitting range (tested on real data) as well as the noise level (tested on
generated data according to Eq. when compared to the other options. This polynomial
p(U) = Z?:o a;U* can follow the slightly curved parts at the edges of the fitting region
without affecting the relevant part around U = 0. The maximum slope can then be easily
determined as syax = a1 — a3/(3az). Note that no assumption has to be made that the
maximum slope is exactly at U = 0, which is not necessarily the case. The position of the
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maximum slope inherently results from the polynomial fit. In agreement with Eq.[2.21| the
electron temperature is

1
T,/eV = 2.23
[V =g — (2.23)
The electron density n. is now determined as
Isa ion
ne=—=2 . |© (2.24)

B eAprobe kjﬂ’e

where Apobe is the surface area of the probe wires and m;q, is the mass of the plasma ions.

Initially, the fit boundaries were determined using a guessed electron temperature 7 gyess,
which is probably not equal to the determined 7,. The algorithm starts over and over
again using T as the new T, guess, Until |Te guess — Te| < 0.01. This iterative evaluation process
ensures, that the fit boundaries are chosen correctly for each measurement. The full algorithm
is schematically shown in Fig.



2.6. Langmuir probes

39

Data I(U)

]

spike rejection «— threshold

l

jump rejection «— limits

Y

T

e,guess

Y

shift curve so I(U=0)=0

}

saturation region fits

T.

e,guess

shift curve so  No i B )
I =] ‘[sat.\ = Lat,-'
sat, sat,- yes

correct for sheath expansion

!

normalize on [

sat

fit polynomial of 3rd order

}

calculate T, and n,

=T o}
. n T =72

e,guess e

yes

end
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measurements.
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3. IDEA BEHIND COMBINING OES VIA PCA WITH LANGMUIR
DIAGNOSTICS

Optical emission spectroscopy is a non-invasive measurement technique, that can be applied
for plasma based ion thrusters [30,34,135,[37-41]. As the emission line intensities result from
the excitation, changes in line intensities mean changes in the excitation. This means that
the plasma parameters have to change, since the excitation directly results from the plasma
parameters. So, there is a relation between the optical emission spectrum and the state of
a plasma, that can be utilized to determine the plasma parameters non-invasively from an
OES measurement.

A plasma’s optical emission spectrum can be theoretically modeled on a microscopic
level with sufficient knowledge of the relevant processes involved. This has been done in
numerous works, for example for argon [45-58] and xenon plasmas [30,34}35,137H40}55], 59~
61]. An example of the implementation of such a model is shown in Fig.[3.1] [42]. Here,
the plasma parameters are inserted into a plasma model from which the occupation of the
electronic states of the atoms and ions is derived. By using the transition matrix elements, the
theoretical optical emission spectrum Sipeo(A) is generated and compared with a measured
spectrum S’(A). The plasma parameters used as input for the model are then adapted until
the two spectra agree.

These models, however, are in need of a database containing the relevant microscopic
parameters like excitation cross-sections, electronic states of the plasma species and transition
matrix elements etc. These microscopic parameters are not always available in the necessary
detail and are difficult to determine by experiment or to predict by theory [80-85].

These issues are usually accepted, as OES has the advantage of being a non-invasive mea-
surement technique and knowledge on plasma parameters can give valuable insights into the
thrusters. In this work, a new technique has been developed to determine plasma parameters
from optical emission spectra without the need for theoretical microscopic models. Instead,
a measurement-based empirical correlation is determined by linking the results from OES
measurements and Langmuir diagnostics on a reference setup similar to the thruster under
investigation. Here, a PCA is used in order to simplify the measured emission spectra while
preserving their most relevant features. The plasma parameters and PCA results are then
connected to create a correlation that describes the plasma parameters as functions of the
spectra. An optical emission spectrum on a plasma similar to the reference plasma can then
be simplified using the results of the reference PCA. The found correlations can then be
applied to these simplified spectra to yield the corresponding plasma parameters. The appli-
cation of the empirical correlation method is shown shematically in Fig. [42]. In principle,
this method can be employed for all propellants or propellant mixtures. So far, it has been
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Fig. 3.1: A schematic flow chart of a possible theoretical microscopic plasma model that calcu-
lates the optical emission spectrum Sipeo(A) from the plasma parameters T, and ne. The
calculated spectrum is then compared to a measured spectrum S’(\) to determine the
corresponding plasma parameters.

The graphic is taken from Ref.42] with kind permission of the European Physical Journal
(EPJ).
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Fig. 3.2: A schematic flow chart of the empirical correlation method. A measured reference data set
consisting of OES measurements and plasma parameters is needed from which a correlation
between both measurements is derived. A PCA is used in assistance to simplify the OES
measurements for the correlation. This correlation can then be applied to the PCA scores
of a measured spectrum S’(\) to yield the corresponding plasma parameters.

The graphic is taken from Ref.|42 with kind permission of the European Physical Journal
(EPJ).
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tested for xenon, krypton and mixtures of the two [43]. Furthermore, the approach has been
used to assess the plasma parameters of an operating thruster [90]. As it has no need for
theoretical modeling nor any knowledge on the microscopic parameters of the plasma species,
this method is a versatile alternative to the modeling approach.



4. MAIN RESULTS

4.1 Publication 1: Non-invasive assessment of plasma parameters inside an
ion thruster combining optical emission spectroscopy and principal
component analysis [42] (see attachment 1)

In this work, a new approach was taken to determine plasma parameters non-invasively
by employing a correlation between OES and Langmuir measurements. Modeling of the
plasma can be bypassed entirely, since a comparison with direct measurements of the plasma
parameters is carried out in the reference measurements and, thus, the measured optical
emission spectra and plasma parameters can also be correlated directly. Once a one-to-one
correspondence between plasma parameters and optical measurements is established, it can
be used to directly relate an optical emission spectrum of the sample under study, e.g., the
thruster’s plasma, with the plasma parameters of its current operational state. In other
words, the direct measurement of plasma parameters with a Langmuir probe is no longer
necessary and the determination of the plasma parameters is entirely non-invasive.

To establish such a correlation, an invasive Langmuir double probe measures the plasma
parameters, while a spectrometer is used to measure the optical emission simultaneously.
A reference series is recorded, in which the operating parameters (here rf input power and
propellant gas flow) are varied over a wide rage of settings. The spectra are reduced to their
most prominent features by performing a principal component analysis [44]. This yields a 2D
map in which each spectrum is represented by a single point and the spectra are separated by
the varied input parameters power and gas flow. The resulting principal component scores
are assigned to their corresponding plasma parameters. A 3D-polynomial is used as a fit
function that describes a specific plasma parameter as a function of the PCA scores, i.e., the
simplified optical emission spectra. This can be done for all plasma parameters to obtain
the described one-to-one correspondence between the spectra and the plasma parameters
TQ(PCI,POQ) and ne(PCl,PC'g).

Such a correlation of OES and plasma parameters can then be applied on a similar plasma.
In this work, the correlations were applied to time resolved measurements on the same setup
to examine the behavior of the plasma parameters during the rf-cycle, which is described in
more detail in chapter[d.3.2]
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4.2 Publication 2: Combination of optical emission spectroscopy and
multivariate data analysis techniques as a versatile non-invasive tool
for characterizing xenon/krypton mixed gas plasma inside operating

ion thrusters |43] (see attachment 2)

Xenon is the currently preferred propellant for plasma based electric propulsion thrusters
due to its high mass, chemical inertness and relatively low ionization energy of 12.13 eV [74].
However, xenon is quite expensive as it is a rare resource [18}[19]. Therefore, finding suitable
alternative propellants is of great interest. One of these alternatives is the lighter noble gas
krypton [5,/6,9,/11-13]. Another candidate is iodine as it has a high molecular mass and is
an easily vaporized solid with low ionization energy [15]/16].

A thruster has to be characterized with the intended propellant, which is not an issue
with electrical probes. The correlations between OES measurements and plasma parameters,
on the other hand, are only valid for a single propellant. In case of theoretical microscopic
models, a new model has to be created for each propellant, using the corresponding micro-
scopic parameters like cross sections. Of course, an empirically found correlation is also only
valid for a single propellant. However, the empirical approach can be easily adapted to other
propellants, as no microscopic parameters are required.

Here, we explored the viability of the empirical approach for the two propellants xenon
and krypton as well as for mixtures of these two gases. Compared to the initial work [42],
the ranges of the rf input power and gas flow were increased to get a broader map of param-
eters. The OES measurement was now performed on the position of the Langmuir probe by
focusing the light onto a fiber. The xenon gas flow and rf input power were varied in several
measurement series with different constant krypton gas flows.

Again, we performed a PCA on the OES measurements for each individual measurement
series. It could be seen that the resulting PCA scores formed a 3D-surface. A projection plane
has been defined between one of the PCA axes and a vector ¢/, which is a linear combination
of the remaining two PCA axes, to avoid overlapping data points when observing the PCA
results in just two dimensions. The individual spectra could be separated well in these
projected 2D-map of PCA scores. The projected scores xpc and z, were then assigned to the
plasma parameters and a 3D-polynomial fit yielded the correlation functions T, (xpc, zy) and
ne(Tpc, Ty). In case of krypton, this projection method was not applicable, as no projection
plane could be found in which the 3D data points did not overlap. Here, arbitrary variables
u and v were assigned to the individual data points. Each principal component and the
individual plasma parameters were then described as functions of these variables by a 3D-
polynomial fit, yielding PC;(u,v), Te(u,v) and ne(u,v). Now, the variables u and v have
to be found to determine the plasma parameters from an OES measurement, which can be
done by minimizing the sum of the relative quadratic deviations of the measured scores and
the scores calculated using PC;(u,v). Of course, the tree dimensional PCA scores could be
used directly and the plasma parameters could be described by a 4D-polynomial fit function.
This is, however, hard to visualize.

Due to the successful correlation between OES and plasma parameters for more complex
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plasmas in this study, it can be assumed, that the empirical correlation method is also
applicable to other propellants and propellant mixtures.

4.3 Preliminary additional experimental results

4.3.1 Publication 3: Plasma parameter measurement on a RIT-10 using empirical
correlations between non-invasive optical emission spectroscopy and Langmuir
diagnostics [90] (see attachment 3, not peer-reviewed)

The correlation method was initially only tested on a RIT-like setup. While the discharge
chamber and rf-coil were parts also used in RITs, there was no extraction grid system present.
For easy access, the setup was placed outside the vacuum with only the inside of the discharge
vessel being evacuated.

As the correlations between plasma parameters and optical emission spectra in previous
works were quite successful [42,/43], the setup was advanced since. Here, a new correlation
measurement series was performed on a RIT-10 laboratory prototype [90]. This thruster was
equipped with a modified gas inlet that allows the insertion of a Langmuir double probe.
Since the thruster has to be operated under vacuum conditions, the OES measurement was
realized through a window in the vacuum chamber with view on the grid system. The light
from the plasma was focused on a fiber by using a lens, similar to the previous experiments
in Ref.|43l

First, a correlation measurement series was performed by simultaneous measurement of
OES and plasma parameters while the thruster operated in stand-by, i. e., with ignited plasma
but without ion beam extraction. Since ion beam extraction on a RIT is realized by applying
high voltages to the screen and accel grids, the plasma itself is biased by the screen grid
voltage due to direct contact. This, however, also biases the Langmuir probe inside the
thruster as well as the measurement unit connected to it. So, applying a screen grid voltage
of 1700V is not possible while the measurement unit is connected, as it can only be biased
by 250V towards ground. After the correlation measurement series, the Langmuir probe
was disconnected from the measurement unit. This allowed for thruster operation with ion
beam extraction. Several performance curves were measured for different beam currents, i.e.,
variation of propellant gas flow with constant beam current. The OES measurements were
performed at each point of operation.

The spectra from the correlation series were again simplified using a PCA, which yielded
a good separation of spectra by rf input power and gas flow like in previous studies. The PCA
scores were assigned to the corresponding plasma parameters and a 3D-polynomial fit yielded
the correlation functions like in previous studies. The PCA scores of the ion beam extraction
measurement series were then calculated using the PCA eigenvectors from the PCA of the
correlation series. As the resulting scores fall into the area mapped by the correlation series,
the correlations can be applied. The absolute values have yet to be verified, but the resulting
electron temperatures increase with decreasing gas flow, while the electron densities increased
with higher beam currents, which is the expected behavior for a RIT [2,75,91].
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4.3.2 Time-resolved studies

Being excited by a rf signal, it can be observed that the plasma follows this excitation
[42,19294].Since the rf signal is an AC-excitation, the magnetic field in the rf-coil changes
direction periodically. This causes the induced rotational electric field to change direction,
too. As a consequence, the absolute electric field, which is responsible for the acceleration
of the free electrons in the plasma, reaches its maximum value twice during each rf cycle.
Therefore, the plasma oscillations will change with twice the rf frequency.

This implies that electron temperature and, therefore, the plasma potential are subject to
periodic oscillations. As screen grid erosion is linked to the plasma potential, oscillations in
the plasma potential might exceed the threshold for sputtering periodically, while the average
is still be below the threshold. However, as the electron density oscillates, too, an estimation
of the sputtering gets complicated. If the electron temperature and density oscillate with the
same phase, i.e., both parameters increase and decrease in sync, the real sputtering will be
higher than estimated with averaged values. On the other hand, if electron temperature and
density oscillate with a 180° phase shift, i.e., the density decreases while the temperature
increases and vise versa, the averaged estimation may also overestimate the real sputtering. In
this case, the increase in sputtering yield due to higher electron temperature and, therefore,
higher plasma potential competes with the smaller amount of ions, which result from the
lower electron density. Which of the described cases is present in a thruster depends on the
specific operational point.

While there is benefit in knowing the time-resolved plasma parameters in a thruster,
measuring these parameters is not trivial. As the measurement times have to be short in
comparison with the rf-signal, disturbances from the rf cannot be averaged in electric probes.
As an alternative, optical emission spectroscopy can provide high time resolution and is not
disturbed by the rf-signal. Typical excitation frequencies of around 1 to 2 MHz correspond to
rf periods of 0.5 to 1.0 us. This time frame is significantly longer than the relaxation times of
some optical transitions of the regularly used propellant gas xenon and also krypton, which
can be in the region of 20 to 100ns [95]. If the relaxation times are short compared to the
rf period, we assume that the optical transitions react almost instantaneous to the changes
in the plasma during the rf period. With our ICCD, these fast lines can be observed with
sufficiently high time resolution to monitor their behavior over the course of an rf cycle [42].

Like anticipated before, the oscillation of the spectral transitions with twice the rf fre-
quency could be observed. Under the assumption that the excitation and relaxation of the
plasma atoms and ions are in equilibrium, it is possible to determine time-resolved plasma
parameters by employing correlations from a suited reference plasma like for a cw OES mea-
surement. Oscillations in electron density could be observed for all measurements (ampli-
tudes ~ 30 % of average), while oscillations of the electron temperature were only visible for
some measurements (amplitudes up to 0.5eV), mainly for low average electron temperatures
(< 3eV). The phase shift between density and temperature was 180° for most measurements
with visible oscillations. Phase shifts of 0° were also observed, however, with much smaller
amplitudes (< 0.1eV). Of course, the viability of this assumption depends on the spectral
transitions chosen for the measurement and correlation and has yet to be verified.
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4.3.3 Spatial plasma mapping

A real thruster is not a point source, so the plasma has a certain volume. The plasma
parameters are not constant within this volume [70},/96H99].

This means, that the plasma meniscus at the extraction grids is probably not the same
for all extraction channels. So, in theory a slight defocusing might occur, which might be
interpreted as charge exchange losses, thus causing a faster erosion of the affected channels.
Differences in electron temperature and density may also result in corresponding differences in
screen grid sputtering. So, spatially resolved measurements are necessary to fully characterize
a thruster.

Electrical probes can only measure the plasma parameters at a certain position. Such
an electrical probe has to be moved or multiple probes need to be installed to map the
plasma parameters over the whole plasma volume. In EP-thrusters with open ionization
chambers like Hall effect thrusters, a movable probe can be realized quite easily [25,[26]. In
a RIT, a movable probe is not easily possible, as the plasma vessel is closed off by the grid
system. Nevertheless, such measurements are not impossible and were performed by, e.g.,
Schiéfer [96] on a RIT-like setup. While multiple probes can be installed in a RIT, it results in
larger modifications of the thruster and becomes increasingly difficult for smaller thrusters.
Beam diagnostics for spatially resolved measurements usually have to be close to the thruster
and, therefore, have to withstand continuous high energy ion bombardment. The influence
of beam diagnostics in the near-field of the thruster can also make the measurement more
complicated.

Using the correlation method described in this work, plasma parameters can also be
obtained from a spatially resolved OES measurement. An OES setup can be placed in front
of the thruster on a movable platform similar to beam diagnostics like those in Ref.22. The
emission spectrum can be measured easily even with low intensities, as the detector is not
affected by electrical noise. Therefore, the setup can be placed further away from the thruster
than other near-field detectors. As light is emitted in all directions, it might be possible for
some thrusters to place the OES setup outside of the ion beam to further reduce interactions
between thruster and diagnostics. If a suitable window is equipped to the vacuum chamber,
the OES setup may even be placed outside the vacuum. Spatial resolved optical emission
spectra of a plasma can be obtained by moving the focus of the optical setup inside the
thruster, even for closed thrusters like RITs. The spectra can then be used to determine
plasma parameters by employing correlations from a suited reference plasma.
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4. Main results




5. CONCLUSION

A new measurement-based empirical method for correlating optical emission spectroscopy and
plasma parameters without the need for theoretical microscopic models has been developed
in this work. Measurements of the optical emission spectrum via a spectrometer as well
as plasma parameters via a Langmuir double probe were performed simultaneously on a
plasma inside a RIT-10 discharge chamber. The measured spectra were simplified by a
principal component analysis. This allowed to reduce the spectra to a single point in a two
dimensional coordinate space in which the spectra are separated by their main differences. A
three dimensional polynomial fit was used to describe the plasma parameters as functions of
the PCA results. This correlation can then be applied on optical emission spectra of similar
plasmas to determine their plasma parameters non-invasively.

Here, the PCA yielded a 2D map of the spectra, in which the spectra are sufficiently
separated by propellant gas flow and rf input power. The correlation fit describes the plasma
parameters as functions of the PCA scores. Applying the correlation to time resolved OES
measurements showed that the plasma parameters might oscillate during the rf-cycle, which
has, however, yet to be verified. Correlation measurements using different propellants and
mixtures all yielded very similar results. Therefore, it can be optimistically said that this
method is likely to work for other propellants and mixtures as well. In measurements on
a thruster, a correlation was established during standby operation, which was afterwards
applied to OES measurements taken during ion beam extraction. The resulting PCA scores
of the extraction measurements fell into the area mapped during standby operation, mean-
ing that the correlations can be applied as the spectra are similar. The resulting plasma
parameters showed reasonable trends with the absolute values yet to be verified.

The empirical correlation between plasma parameters and optical emission spectra showed
to be a versatile tool to determine plasma parameters non-invasively. It has clear advantages
over theoretical microscopic models, as it easily works with alternative propellants and does
not require any prior knowledge on the microscopic parameters of the plasma species.

In future studies, the empirical correlation approach may be employed to determine
plasma parameters non-invasively in ion thrusters from the development phase up to the
qualification for space. The presented method will contribute to a deeper characterization
and understanding of ion thrusters in which invasive Langmuir probes may not be used. Due
to the easy adaptability on other propellants and mixtures, as well as the simple procedure,
this method can be used instead of theoretical microscopic modeling of spectra, also when no
sufficient database or simulation of microscopic input parameters is available. As OES can be
performed with high spatial and time resolution, plasma parameter distributions and their
periodic time behavior during the rf cycle may be investigated further using the proposed
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method of non-invasively determining plasma parameters inside ion thrusters.
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Justus Liebig University, electron temperature and density inside a radio-frequency ion thruster (RIT) using
Heinrich-Buff-Ring 16, 35392 optical emission spectroscopy (OES) in conjunction with principal component analysis

Glessen, Germany (PCA). Instead of relying on a theoretical microscopic model of the plasma emission to

extract plasma parameters from the OES, an empirical correlation is established on the
basis of conducting simultaneous OES and Langmuir diagnostics. The measured
reference spectra are simplified and a PCA is performed. The PCA results are correlated
with the plasma parameters of the Langmuir measurements yielding a one-to-one
correspondence. This correlation allows us to derive the plasma parameters by analysis
of a non-invasively determined emission spectrum without additional Langmuir
measurements. We show how the plasma parameters can be calculated from OES
measurements using this correlation. Under the assumption that the electronic system
thermalizes on much shorter time scales than the period of the RF signal driving the
thruster, we can also use time-resolved spectral data to determine the time evolution
of plasma parameters. In future, this method may contribute to shorter test and
qualification times of RITs and other ion thrusters.

Keywords: Optical emission spectroscopy, Plasma parameters, Principal component
analysis

Introduction

Electric propulsion (EP) systems are nowadays commonly used on spacecrafts [1, 2]. Due
to their high thrust to fuel consumption ratio as well as their large variety of different
implementations and usable propellants, EP systems are a versatile alternative to their
chemical counterparts in many in-orbit applications. One type of EP system is the radio-
frequency ion thruster (RIT), which was developed at the Justus Liebig University of
Giessen in the 1960s [3, 4]. Inside a RIT, a plasma of the propellant is sustained by induc-
tive heating of its electrons. Positive ions (usually xenon) are accelerated by a system of
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@ Sprlnger O pen Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in
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included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.
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extraction grids and expelled from the thruster, thus generating thrust according to New-
ton’s third law [1, 2, 5]. The plasma in the discharge vessel is responsible for the thruster’s
performance. Thus, knowledge of plasma parameters (e.g., electron temperature and
density) may give valuable insight into the erosion processes inside the plasma vessel and
of the grid system, but also thruster performance in general. Usually, plasma parameters
are determined using invasive electrical probes [6, 7]. For a RIT or other thrusters during
qualification for space, it is not desirable to use invasive probes inside the plasma vessel,
as they affect the thruster’s performance [6] and, if installed permanently, will constitute
an additional possible source of failure.

In this paper a method is introduced that utilizes non-invasive optical emission spec-
troscopy (OES) to assess plasma parameters of an operating thruster. It may be used
during terrestrial testing in the context of the qualification process for space. Depend-
ing on the thruster, an optical probe can even be installed outside of the ion plume, so
plume and probe do not affect each other. Usually, assessing plasma parameters by OES
requires complex theoretical modeling of the electronic states of the atoms and ions of
the plasma and, via the scattering and recombination processes, their occupation and the
optical transitions contributing to the emission spectrum in order to derive a theoretical
spectrum which may be compared with experiment.

To circumvent the involved challenges, we pursue an empirical approach which avoids
entirely the use of a microscopic plasma model for extracting the plasma parameters
from an optical emission spectrum. We measure emission spectra simultaneously with
the plasma parameters in a RIT like setup and correlate the results with the help of a prin-
cipal component analysis (PCA)[8]. This correlation can then be used to determine the
state of a plasma non-invasively by simply acquiring an optical emission spectrum and
employing the established correlation as long as the plasma is operated in the same range
of plasma parameters as used for the reference data set. Ultimately, the method shall be
applied to thrusters such as RITs to give an easy and uncomplicated access to plasma
parameters and contribute to shorter test cycles and qualification times. It might also be
used to optimize a RIT to, for instance, reduce its extraction grid erosion, which partially
depends on the plasma parameters and limits its lifetime [9, 10]. Operation of the RIT
with low mass efficiency results in a low ionization degree of the plasma and causes more
charge exchange reactions, leading to increased sputtering of the acceleration grid. High
mass efficient operation, on the other hand, causes a higher electron temperature, which
may lead to sputtering on the screen grid.

In case of an RF-plasma, the excitation as well as the plasma parameters and OES are not
constant but oscillating in time [11-14]. To examine the time-dependent plasma param-
eters, time- or phase-resolved spectra can be measured and evaluated using the found
correlation.

A brief description of a typical theoretical model is given in “Theoretical and empirical
model” section together with a comparison to our approach. The experimental details are
described in “Experimental details and theory” section, in particular, the Langmuir and
OES measurements as well as the PCA approach correlating the two measurements are
explained. The resulting correlation, its application to time-resolved spectra and a corre-
sponding discussion are given in “Results and discussion” section. The paper is concluded
in “Conclusion” section where the method is rated and an outlook on future applications

is given.
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Fig. 1 Schematic description of the work flow necessary to extract plasma parameters from an experimental
optical emission spectrum S’ (1) by comparison with microscopic theory. The theoretical model contains a
microscopic description of the plasma as well as of the electronic states of its ions and atoms. The occupation
of these states needs to be modeled based on the microscopic processes inside the plasma. The intensities
of the optical transitions need to be calculated based on the occupation of the electronic states and the
transition matrix elements in order to obtain a theoretical spectrum Sineo (A), which can then be compared to
the response-corrected experimental spectrum to obtain the plasma parameters

Theoretical and empirical model

Theoretical plasma models exist, e. g., for argon [15-28] and xenon [25, 29-38]. A possi-
ble use of such a model for extracting plasma parameters from optical emission spectra
is shown schematically in Fig. 1. Such models are typically tailored for a specific applica-
tion. For other applications, such as using other gases, the theoretical model needs to be
modified.

In electric propulsion, alternative propellants such as krypton and iodine gain consid-
erable interest [39, 40]. In case of molecular propellants like iodine I, these models would
become increasingly complex. For a successful description of the corresponding plasma,
such a microscopic model requires many microscopic input parameters like excitation
cross sections for all relevant species, including I, I;r , I, 17 in case of an iodine plasma.

Furthermore, the microscopic parameters serving as basis of such a model like, for
instance, transition matrix elements, scattering cross sections etc. are usually not accu-
rately known, as they are, in many cases, difficult to derive theoretically and to verify
experimentally. Typically, some simplifications and assumptions are made to compensate
the lack of information and to reduce the complexity of the model. Heavy gases like xenon
have a large number of electronic states. Ref. [41] lists 443 levels for neutral Xe, 161 for
Xet, 157 for Xe?* and a lot more for higher ionized xenon ions. Since not all of these lev-
els are relevant in a real plasma, only some levels are considered in the modeling (e. g., 173
levels in Ref. [33] or 38 levels in Ref. [38]). So the number of considered levels can vary

from one model to another. Neglecting levels may, however, cause errors in the calculated
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population of other related levels. Another typical simplification is the negligence of
uncommon excitation processes like ion-atom collisions or excitation from meta-stable
states. However, these processes are necessary in some cases to yield a reliable correlation
between OES and plasma parameters [30]. Whether a simplification or assumption in a
model is justified can only be verified by a direct comparison with experiments.

Therefore, we decided to avoid the microscopic modeling entirely and correlate the
optical spectrum directly to measured plasma parameters using multivariate data analy-
sis techniques. In contrast to the theoretical plasma model, our empirical approach does
not require any microscopic input other then the measurement of the plasma parame-
ters. A schematic description of our approach is shown in Fig. 2. We measure a reference
data set of emission spectra simultaneously with the plasma parameters in a RIT like
setup operating with a propellant plasma, such as xenon. A Langmuir diagnostics is
permanently installed inside the discharge vessel. Using a Langmuir double probe [42]
the electron temperature and density can be measured. The analysis of the OES refer-
ence data is performed by applying a PCA [8]. The results from both measurements
are analyzed and a one-to-one correlation between the principal components and the
electron temperature and the electron/ion density is established. This correlation can
be employed to extract plasma parameters non-invasively from plasmas operating under
similar conditions as the reference plasma, for instance, inside a thruster. For this pur-
pose, an optical emission spectrum §'(1) is measured and expanded in terms of the
PC of the reference data to yield its PC scores. Then, using the established correla-
tion between PC scores and plasma parameters, 7, and T, corresponding to §'(A) can
be obtained.

reference data set experimental
simultane?ou_s OES and spectrum S'(A)
Langmuir diagnostics with unknown
{T., n,, S(\} plasma parameters
(same OES setup and settings
¢ as for reference spectrum)
PCA of {S(\)} v
- PCEJ . .
— PC, scores » Expansion of S‘(A)
in terms of principal
¢ components
- — PC/
correlation
T(PC)
n(PC)

v

applying correlation
T, nSof S'(A)

Fig. 2 Schematic description of our measurement-based correlation between optical emission spectrum
and plasma parameters. First, a reference data set is measured consisting of simultaneously performed OES
and Langmuir diagnostics. The measured spectrum is transferred into a simplified coordinate system using
PCA, which yields the axes PCg,; and the coordinates or scores PC; of the spectra on these axes. The scores PC;
are then correlated with the measured plasma parameters. The correlation can then be used to extract
plasma parameters from a measured spectrum S’ () by calculating its scores PC/ and inserting them into the
correlation

Page 4 of 17
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Fig. 3 Experimental setup for simultaneous optical emission spectroscopy and the Langmuir double probe
measurements

Experimental details and theory

The experimental setup used is shown in Fig. 3. An inductively generated plasma is
ignited in a 10 cm diameter cylindrical quartz glass discharge vessel of a RIT-10. Basi-
cally, it is a RIT-10 without an extraction system or surrounding vacuum. The gas inlet
in this setup also contains the Langmuir double probe, which is used to determine the
electron temperature 7. and density ne [6,7,42] . The glass vessel facilitates an easy opti-
cal access to the plasma from behind. The spectrum was measured at a position close to
the Langmuir probe. The Czerny-Turner spectrometer used is connected to an intensi-
fied charge-coupled device (ICCD) camera. In the observed spectral window from 820
to 840 nm the system has a resolution of approximately 28 pm/pixel. This spectral win-
dow was chosen, since neutral xenon has several strong lines in the near-infrared region.
Six of them lie in the observed window. The ICCD is capable of both continuous-wave
(cw) and time-resolved measurements on the nanosecond scale and was operated with
20 ns time resolution here, i.e., the acquisition time was 20 ns long after a predefined time
delay. The corresponding trigger was a 0 to 5V rectangular signal taken from the radio-
frequency generator (RFG). For each delay time, several 100 acquisitions were recorded
and accumulated. By varying the delay time in the range of 600 to 1400 ns a series of opti-
cal emission spectra is obtained which covers the time evolution of the plasma parameters
during one RF excitation cycle. The gas flow into the discharge vessel is controlled by
a mass flow controller (MFC). The plasma was excited by the RFG at a resonance fre-
quency of approximately 1.2 MHz corresponding to a period of the RF cycle of 0.83 us.
The RFG input power was varied while keeping the gas flow constant. The experiments
were performed for various gas flows.

An example of a cw OES measurement is shown as an inset in Fig. 4. The six xenon lines,
(1) to (6) are assigned to the optical transitions between Xe® states using the NIST data
base [43]. The electronic states involved are shown in the main graph. The upper levels of
the six transitions observed in this experiment can be populated either by direct excitation
or by another spectral transition (the strongest are shown in Fig. 4). In Table 1, wavelength
position, relaxation time, qualitative relative intensity and the involved electronic states
are given for each transition according to the data provided in Ref. [41] and [43].
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Fig. 4 The measured spectral range from 820 nm to 841 nm exhibits six xenon transitions, which are shown
in the energy level scheme for neutral xenon generated from the data from Ref.[41]. A corresponding
example spectrum is shown in the inset. The strongest transitions feeding the upper levels of the observed
transitions are also shown. The relaxation times of the transitions are given according to Ref. [43]. Using the
labeling given in the figure, the transitions can be found in Table 1 for additional details

As examples a series of cw OES measurements is shown in Fig. 5a with the correspond-
ing Langmuir double probe measurements in Fig. 5b. Here, the RF input power was varied
at a constant gas flow of 0.1 sccm.

The line intensity ratios differ only slightly in the spectra shown in Fig. 5a. All spectra
were intensity-normalized over the measured range. The effect can be observed best for
the two strongest lines at 823.2 nm and 828.0 nm. Here, the 823.2 nm line increases with
higher input power, while the 828.0 nm line decreases. The plasma parameters determine
the population of the energy levels. At different operating points with different plasma
parameters the levels are populated differently with electrons, resulting in other line ratios

when the electrons recombine radiatively.

Principal component analysis

Instead of founding the analysis on individual line ratios, we made use of the entire
spectral information in terms of relative intensities available in a spectrum of a given
operational point by performing a PCA of all spectra [8]. The PCA technique can sim-
plify the complex correlations between several measured lines and the resulting plasma
parameters by reducing the dimensions of the data set. Similar techniques for dimension

reduction which may offer an alternative and may also yield satisfying results are Linear
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Fig. 5 The two strongest lines (see Fig. 4) of intensity-normalized xenon spectra for a measurement series at
0.1 sccm gas flow at different operating points (see also Fig. 6) (a) together with the corresponding Langmuir
double probe measurements (b). This series of spectra is part of the reference data set

Discriminant Analysis [44], Non-negative Matrix Factorization [45] and Factor Analysis
[46].

A total of m spectra is measured as a reference data set. A spectrum consists of # data
points, i. e., n wavelength positions and corresponding emission intensity values. Each of
the m spectra yields a data point in an #-dimensional space, where each of the n wave-
length positions of the spectrum corresponds to one coordinate axis and the intensity
value to the specific coordinate on that axis. The PCA simplifies the data by reducing this
n-dimensional space into, for example, a two-dimensional space, that represents the data
best. This is done by finding the axes with the highest variance in the data.

First, the average spectrum of the entire reference data set Spca (1) is subtracted from
each spectrum S(A). To derive the new coordinates, i. e., the PCA-axes, the covariances
o;; of each of the n wavelength positions with every other wavelength position (including
itself) are calculated using

m
oy = % : kgo(xki — %) (% — %) whereX; =% =0. (1)
Here, xy; and x;; are the values of wavelength positions i and j of the spectrum k. Since
the average intensities of each wavelength position ¥; and x; were already subtracted
before, they are now zero.
With these covariances the covariance matrix C is set up

000 001 *** O0n
010 O11 *-° O1n

c=|. .. .| (2)
On0 Onl *** Oun

Diagonalizing C yields its eigenvalues, which correspond to the variance of the data on
the principal component axes PCg ;(1). The PC-axes are the eigenvectors of C.
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To transfer a spectrum into the new coordinate system spanned by the eigenvectors
PCg;(2) and obtain its coordinates, i. e., the PC scores, the spectrum is scalar multiplied
with each eigenvector

PC; =) (S(\) — Spca(h) - PCei(A). (3)
A

The spectrum can now be written as

S() = Spca(h) + Y _ PC; - PCri(M). (4)

The percentage of the variance on each axis of the total variance shows how well the data
is represented. If the sum of the variances of PC; and PC; is already close to the total

variance, these two axes are sufficient to describe the main differences in the data.

Evaluation of the Langmuir probe measurements

The plasma parameters obtained from the Langmuir double probe measurements were
evaluated using a modified version of the standard procedure described in Ref. [6], [7]
and [42], which is more robust against deviations from the theoretical ideal. First, the ion
saturation current g is determined as the intercept of a linear fit of the saturation region
(approximately < —20V and > +20V in Fig. 5b). The slope a of the fit is subtracted from
the measured U-I-characteristic (Icorrected () = I(U) — a - U). Afterwards, Icorrected (U)
is divided by I to normalize the U-I-characteristic. Next, the electron temperature T is
extracted from the maximum slope. A polynomial fit of third order (f(x) = Z?:o a; - %)
around U = 0+ AU is used instead of a linear fit, because the resulting slope is less
affected by the chosen fit bounds AU. The maximum slope of this fit is given with spax =
— %a% /a3 + a1 and yields the electron temperature according to

e

T. (5)

N 2KB - Smax ’
The electron density 7. is calculated from Is,t, Te, the probe area Aj, and the ion mass
Mion according to

o = Lot [Mion ) (6)
ApeV kpTe

It should be noted that the definition of a temperature assumes a Maxwellian electron
energy distribution function (EEDF) [6, 7, 42]. For an RF plasma, the EEDF can deviate
from the Maxwellian ideal, as the fast electrons in the Maxwell tail are suppressed [21,

47]. In particular in a theoretical microscopic plasma model, the EEDF can have a major
impact on the calculated spectrum and therefore on the extraction of plasma parame-
ters by comparison between microscopic model and experiment. In case of our empirical
approach the specific EEDF is not relevant, as long as it is comparable in model setup
and later measurement, which should be the case when the optical emission spectra are
comparable.

Results and discussion

Before performing the PCA, the measured spectra are compressed by considering only
the intensities or areas of the spectral lines (see e.g. Figs. 4 or 5a). This prevents small
wavelength shifts in the range of several tens of picometers to influence the PCA result.
The line intensities are then used as input variables for the PCA. The PCA yields a set
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of new orthogonal coordinate axes, i.e., the principal components PCg; (i = 1,..,n),
along which the spread in the data set is maximum, as they are the eigenvectors of the
variance. The PCg; are numbered serially to descending variance weight, i.e., PCg; car-
ries the highest weight, followed by PCg, etc. Often, the first few PCg; already collate
most of the variance (e. g., 90 %), and thus plots of the PC scores of a spectrum in a low-
dimensional coordinate system spanned by those PCg; can separate the data adequately.
In case of our data, PCg; and PCr are sufficient to fully distinguish between the spec-
tra obtained at different operational points of the plasma, i. e., corresponding to different
plasma parameters. The results are shown in Fig. 6a. It can be seen that the individual data
points are clearly separated. The cloud of data points representing all spectra analyzed
has a “triangular” shape. Towards lower PC;-values, the plasma extinguished. Towards
higher PC;-values the input power limitation of the RFG was reached. The plasma is sta-
ble even at lower input powers at higher gas flows. Therefore, more measurements were
possible at higher PCy-values. With decreasing gas flow towards lower PCy-values, the
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Fig. 6 PCA scores from the cw OES measurements of a xenon plasma (@) and the corresponding electron
temperatures and densities from the simultaneously conducted Langmuir double probe measurements (b).
The PCA scores of the spectra shown in Fig. 5a from the 0.10 sccm measurement series (shown in red here)
are clearly distinguishable. The input power increases from left to right in both plots (a) and (b). The fits of the
electron temperature (¢) and density (d) over the PCA scores are the depict correlation between OES and

plasma parameters
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minimum power to sustain the plasma increased, until eventually reaching the RFG input
power limit. Therefore, only a few points could be measured in this range.

The plasma parameters electron temperature T, and electron density n. corresponding
to each spectrum from the Langmuir measurements are shown in Fig. 6b. Here, the cloud
of data points also exhibits a triangular arrangement. The reason for this shape is the same
as discussed above for the PCA data in Fig. 6a.

While the data points are spread quite homogeneously in Fig. 6a, the data sets corre-
sponding to various gas flows in Fig. 6b are very close for low T, and far apart for high 7.
This means that the sensitivity of T, on the neutral gas density increases with decreasing
gas flow. This change in sensitivity on the gas flow can barely be observed for the OES
data in Fig. 6a. In a series of spectra where the RFG input power was varied, the corre-
sponding data points are rather equally distributed, resulting from constant steps of the
RFG input voltage. The data points plotted by red symbols in Fig. 6a and b correspond to
the series of optical emission spectra and corresponding Langmuir measurements shown
in Fig. 5a and b, respectively. It can be seen that the red data points string together well
underlining that the PCA and the restriction to the PC scores of PCg; and PCg grabs
the differences in the spectra sufficiently to clearly distinguish between them.

By using a polynomial fit of the form given in Eq.(7) the plasma parameters from
Fig. 6b can be described as a function of the PCA-scores from Fig. 6a, yielding the sought

correlation
3 i+j<3 ,
f(PC1,PCy) =) > aj-PC} - PC),. (7)
i=0 j=0

The fitted surfaces for the electron temperature and density versus the scores of PC; and
PC, are shown in Fig. 6¢ and d, respectively. The R?-values of the fitting procedures were
0.984 (T,) and 0.998 (1), so the fitted surfaces are well suited for describing the measured
data. The choice of a polynomial fitting surface of order 3 is the result of an optimization
process. In other cases, such as other propellant gases or the choice of another spectral
window, fitting with lower or higher polynomials may turn out the best choice.

To apply this correlation to a measured spectrum S’ (1) for which the plasma parameters
are not known, the eigenvectors of the PCA PCg,;(1) are needed in order to extract them.
The eigenvectors are scalar multiplied with the spectrum §’(A) from which the average of
the intensities initially used for the PCA Spca (L) are subtracted, as shown in Eq. (3). The
resulting coordinates of PC; and PCj can then be inserted into the polynomial expres-
sions describing the fitted surfaces Te(PCy, PCy) and n.(PCy, PCy) shown in Fig. 6¢ and
d to obtain T and n corresponding to S'(%).

In order to minimize experimental uncertainties the optical spectra and Langmuir
parameters were measured at almost the same position inside the plasma (see Fig. 3). It
is essential to keep the deviations between the spots probed by OES and the Langmuir
probe as small as possible, because the plasma parameters may vary locally inside the ves-
sel. A large distance between the measurement positions introduces uncertainties when
employing the established correlation for extracting plasma parameters from another sys-
tem. In principle, the correlation may be employed on any other Xe plasma source where
the plasma parameters lie in the same range as used here for establishing the correlation.
Having established a reliable correlation, it can be used to spatially monitor the plasma
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parameter variation inside a plasma vessel. For example, such spatial mapping will further
benefit the understanding of the processes inside an ion thruster.

The relaxation times of the observed transitions are in the range of 24 to 327 ns and
even longer in case of radiative transitions whose higher electronic state is fed by other
higher lying states (see Fig. 4 or Table 1). Compared to the RF period of approximately
833 ns, not all of these times are significantly shorter. This can cause different relative
line intensities, when the plasma is driven with another radio frequency, and the popu-
lation of the electronic states cannot follow the RF excitation. Because of such effects, it
is of paramount importance to make sure that reference spectra and probe spectra are
recorded with the corresponding plasmas driven by the same radio frequency.

Time-resolved measurements

The time dependence of the example OES measurement from Fig. 4 is shown in Fig. 7.
The graph shows the variation of the line intensities obtained from a series of optical
emission spectra taken at different delay times. Here, the integrated line intensities of the
six strongest lines in the spectrum are plotted as the relative deviation from their corre-
sponding average value during one RF cycle. The intensity of each line oscillates about its
average value with twice the radio frequency. This is anticipated as the power input is pro-
portional to the RF field squared. During one RF cycle, the electrons are accelerated the
most at the maximum and minimum electric field, but in opposite directions. The excita-
tion of the gas atoms and ions in the discharge chamber is strongest at these two points in

0.10

<~ maximum intensity of spectral |

transition with fastest relaxation time_|
- | m 840.92nm

0.05
0.00
834.68 nm
-0.10
-0.15 828.01 nm
-0.20

S
N
&)

826.65 nm
-0.30

relative intensity

-0.35 823.16 nm

-0.40

-0.45 820.63 nm

-0.50

4 %4
-0.55 <

-0.60 1 1 1 1 1
00T 02Ty 04Ty 06Tg 08Tee 1.0 Tk
time

Fig. 7 Time evolution of the intensities obtained from a series of spectra taken at different time delays. The
average spectrum of this series is shown in Fig. 4. The intensities are divided by the corresponding average
line intensity and shifted by 0.1 towards each other for better visibility. The local maximum of the spectral
transition with the fastest relaxation time is indicated by the dashed line. The slower spectral transitions show
a small phase shift of approximately 10 to 30 ns (except 840.92 nm, where it is slightly more). The radio
frequency driving the plasma was 1.281 MHz, so Tgr = 780 ns

Page 12 of 17



Nauschitt et al. EPJ Techniques and Instrumentation

(2021) 8:13

time and weakest at times when the electric field crosses zero, resulting in an oscillation
with twice the radio frequency as visible in Fig. 7.

Assuming that the time response of the electron system to changes of the RF excitation
is faster than 20 ns, we can assume that each emission spectrum taken at a specific time
delay is characterized by a set of plasma parameters. Thus, time-resolved OES measure-
ments like those shown in Fig. 7 can be evaluated using the correlation method described
above to obtain the time-evolution of the plasma parameters during one RF cycle. How-
ever, it should be noted that some of the excitation and relaxation processes leading to the
optical spectra possess characteristic times on the nanosecond scale leading to a phase
shift between the cosine curves describing the intensity variation in Fig. 7. If a relaxation
time is very long compared to the oscillation period, the phase of the oscillation will lack
behind and its amplitude will flatten, eventually down to zero [11-13]. When comparing
the oscillations of the 840.92 nm and the 828.01 nm lines in Fig. 7, which have 327 ns and
27.1 ns [43] relaxation times, respectively (see Fig. 4 or Table 1), this effect already starts to
occur. A similar phase shift can be observed for the 823.16 nm line which has a relaxation
time of 35.0 ns [43]. This is still short compared to the approximately 390 ns oscillation
period and indicates, that the upper level of the 823.16 nm line is not excited directly, but
is fed through one or several higher lying electronic states with longer relaxation times,
as shown in Fig. 4 or Table 1. The free electrons are able to follow the RF, so the excita-
tion of the electronic states should follow, too. The relaxation of the electronic states on
the other hand cannot necessarily follow. For now, we will assume that the evaluation of
the time-resolved optical spectra is a valid approach, since the phase shift of the inten-
sity oscillations in Fig. 7 against each other of approximately 10 to 30 ns are rather short
compared to the oscillation period of, in this case, 390 ns. Whether this leads to a reliable
determination of time-resolved plasma parameters has yet to be verified, for instance, by
a PIC (particle in cell) modeling of the microscopic processes inside the plasma. A set of
lines with faster relaxation times or lower RF frequencies will reduce the errors made.

(a) (b)

0.015 . T T T 0.08 T T T T — 0.008
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2.65E+17 m* lf
0.005 =/
/ . 0.006
0.000 - ‘
~ N
' S
$ _/5 0.005 9
-0.005 | ./b N
- 0.004
-0.010
) ) 0.003
-0.015 |- [ defined region
time resolved spectra scores|
0020 L | | ® cw spectra scores 0.02 | | | | 1 0.002
-0.15 -0.10 -0.05 0.00 0.05 0.10 00Ty 02T 04Ty 06Tge 08Tge 1.0 Ty

PC, time (ns)

Fig. 8 PCA scores of the time-resolved optical emission measurements for a xenon plasma driven with

1.2 MHz RF excitation (a). The defined region that is mapped by the scores of the cw optical emission spectra
from which the correlation has been established is shown in red. Scores of time-resolved spectra outside this
region cannot reliably be used to estimate plasma parameters as they lie outside the area where the
one-to-one correlation was established and fitted. Plasma parameters extracted from the fitting in this range
are uncertain. The oscillation of the PCA scores as a function of delay time is shown in (b) for a series of
time-resolved spectra. Mass flow, RF input power and average electron temperature and density are given in
the plot. PC; and PG, oscillate with twice the radio frequency as the corresponding line intensities in Fig. 7
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To extract the time evolution of the plasma parameters from the optical emission spec-
tra taken at different time delays, the PCA scores for the series of spectra need to be
calculated with respect to the PCA eigenvectors derived from the cw measurements. The
PCA scores are obtained by scalar multiplication with the PCA eigenvectors of the cw
measurements as described in equation (3) and are shown in Fig. 8a. It can already be seen
that some PCA scores in Fig. 8a lie outside of the mapped area of the cw data for which
the correlation with the plasma parameters was established by the fits. Therefore, the
plasma parameters extracted for these data points employing the fitted correlation will be
rather unreliable. Nevertheless, plotting the scores of the PC; and PC; values obtained as
a function of delay time yields an oscillating behavior with twice the radio frequency (see
Fig. 7b).

With the PCA scores calculated the polynomial fitting functions describing the param-
eter surfaces in Fig. 6¢ and d are used to translate these scores into plasma parameters as
described by Eq. (7). This way, the time evolution of the plasma parameters during one RF
cycle can be obtained. Some examples of such time evolutions are shown in Fig. 9. Note
that some measurements yield rather stable results, while others are mostly estimations
since their PCA-scores are outside the reliable region defined by the cw measurements
shown in Fig. 8a. In Fig. 9a it can be seen that the amplitude of the electron density oscil-
lation during an RF cycle increases with increasing average electron density, i.e., with
increasing RF input power. The electron temperature in Fig. 9b, on the other hand, is
almost constant over the RF cycle for the curves obtained from series of spectra at higher
RF input power. In contrast, the two curves obtained from series of spectra at lower input
power exhibit strong oscillations. Such strong oscillations in electron temperature may
lead to a sputtering rate of the RIT screen grid that is higher than anticipated from the
average electron temperature.
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Fig. 9 Plots of the time evolution of electron density (a) and temperature (b) for a xenon plasma driven by
1.2 MHz RF excitation for various operation parameters calculated from the PCA scores (see Fig. 8b) of

time-resolved optical spectra (see Fig. 7). Mass flow, RF input power, frequency as well as average electron
temperature and density are given in the legend. Parameters resulting from data points outside the mapped
region (see Fig. 8a) are ill defined and plotted as smaller symbols connected by a dotted line. The plasma
parameters oscillate with twice the radio frequency
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Conclusion

A method of non-invasively extracting plasma parameters from an OES using a corre-
lation based on a reference data set of simultaneously recorded optical emission spectra
and Langmuir measurements has been presented and validated. The method utilizes the
high sensitivity of a PCA to detect small and multi-dimensional changes occurring in
the emission spectra of the plasma inside an ion thruster at different operational points.
The PCA results are fitted to plasma parameters obtained by Langmuir measurements
yielding a one-to-one correlation. Using this correlation, plasma parameters can be deter-
mined with just the non-invasive OES measurement. We have also demonstrated that our
correlation approach can be used to monitor the time-evolution of the plasma parame-
ters in an RF plasma, electron temperature and density, during an RF cycle. Knowledge of
the time dependence of plasma parameters will help to identify critical operation points
of RITs and other thrusters and to optimize their performance. Furthermore, it will yield
valuable input parameters for theory, i.e., help to further develop theoretical models of
such thrusters. In addition, the approach is not restricted to xenon as propellant and may
be also employed in case of alternative propellants such as krypton or iodine. Typically,
the plasma parameters also vary spatially inside a macroscopic plasma vessel. Thus, the
approach described has the potential to spatially resolve the distribution of plasma param-
eters inside a plasma vessel. Carefully conducted, our approach provides a powerful tool
for determining the plasma parameters non-invasively by OES without having to rely on
microscopic modeling.
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ABSTRACT

Non-invasive assessment of the plasma parameters is a useful tool for a reliable characterization of many electric thrusters for space applica-
tions. Due to high costs, limited availability, and growing use of electric propulsion in spaceflight, alternatives to Xe as a propellant are
becoming increasingly important. One option is to use the lighter noble gas krypton or xenon/krypton gas mixtures as a propellant. We
propose a versatile analytical approach for establishing empirical correlations between plasma parameters and optical emission (OE) spectro-
scopy utilizing principal component analysis (PCA). Our approach allows us to establish a surjective mapping of individual OE spectra via
their PCA scores onto the corresponding plasma parameters. We prove the feasibility of this approach for Xe, Kr, and Xe/Kr mixed plasmas
demonstrating that it is applicable for a wide range of propellant candidates. A major advantage is that the approach does not rely on any
microscopic modeling of the OE spectra of the plasma. After having established corresponding reference mappings, the approach can be
explored for determining non-invasively and spatially resolved plasma parameters of the propellant plasma of various kinds of operating ion
thrusters, which operate in the same plasma regime as the reference plasma. Thus, this method may contribute to shorter qualification and
testing times of ion thrusters.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0074412

I. INTRODUCTION

Nowadays, electric propulsion (EP) systems are an established
option as spacecraft engines."”” While they deliver less thrust com-
pared to their chemical counterpart, EP systems excel due to their

and correspondingly expensive.”® Thus, alternatives are sought,
such as diluting or replacing xenon with the lighter and ten times
more abundant noble gas krypton.””'* However, the properties of
the plasma operated inside the thruster will change when altering

high fuel efficiency and the vast number of usable propellants yield-
ing a large variability for implementing them in space mission sce-
narios. There are many types of EP thrusters that generate a
propellant plasma in the process of generating thrust. To optimize
a thruster without disturbing the plasma, it is favorable to charac-
terize the plasma non-invasively.>* Currently, mainly, xenon is
used as a propellant due to its high mass, chemical inertness, and
fairly low ionization energy. However, xenon is also a rare resource

the propellant used. Consequently, the operational points of the
thruster need to be adjusted. This re-optimization may even require
hardware adaptations.”'"'?

The radio-frequency ion thruster (RIT) is one of these
established EP systems and was developed at the Justus Liebig
University of Giessen in the 1960s.'”'* The plasma discharge in a
RIT is achieved by inductive heating of the electrons. When leaving
the thruster, positive ions are accelerated by at least two extraction
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grids to generate a directed ion beam and, therefore, thrust accord-
ing to Newton’s third law."*'” The functioning of the ion optics of
a RIT is determined by the interplay of plasma parameters of the
propellant plasma inside the discharge vessel and the grid system.
In other words, the geometry of the grid system alone does not
define the ion optics. The shape of the plasma meniscus at the grid
apertures of the screen grid depends on the plasma parameters and
determines the divergence of the ion beamlet inside the grid
system.'” A wrong ion beam focusing leads to grid erosion by direct
impingement and may drastically reduce the thruster’s lifetime.
Knowledge of the plasma parameters, in particular, electron temper-
ature and density, at the actual operational points of the thruster is
essential for a successful optimization of the thruster’s perfor-
mance.”” During thruster qualification, non-invasive diagnostics,
such as beam diagnostics, thrust measurement, performance data,
and post- or mid-test erosion analysis, are commonly used to obtain
information on the operating thruster.'°™'® In principle, invasive
electrical probes can be used to determine plasma parameters'””’
but are typically undesirable during qualification, as they may itself
alter the plasma and, thus, affect the thruster’s performance.w The
plasma of gridded ion thrusters, in particular, will usually not be
accessible with invasive probes, if no dedicated openings are avail-
able, since such extra openings are not desirable in a flight model;
i.e., the grid system or the discharge vessel should not be altered.

Non-invasive alternatives for plasma characterization inside
gridded ion thrusters need to be sought. A possible non-invasive
diagnostics option is optical emission spectroscopy (OES), which
can be used to assess plasma parameters of both beam and dis-
charge by the application of a theoretical plasma model.**'~** We
recently introduced a method that utilizes non-invasive OES to
assess plasma parameters of a thruster operating with xenon non-
invasively by applying an empirical correlation between plasma
parameters and OES instead of a theoretical model.”” This method
utilizes a principal component analysis (PCA)*’ and does not rely
on any microscopic input other than the measurement of plasma
parameters and OE spectra in a reference setup. Since it only
requires optical access to the plasma, an OES-based method may
be used during terrestrial testing for thruster development or space
qualification in cases where an invasive probe cannot be employed.
With the plasma parameters provided by this method, grid erosion
can be estimated during testing already in the case of gridded ion
thrusters. Depending on the type of thruster, an optical probe can
be placed strategically to avoid interaction with the plume, allowing
one to monitor the thruster with OES and beam diagnostics simul-
taneously. The high spatial resolution achievable in optical spectro-
scopy may allow establishing spatial maps of the plasma
parameters of an inhomogeneous plasma. An example, where this
may be of interest, is the mapping of the radial distribution of
plasma parameters inside the discharge vessel of gridded ion
thrusters, such as RITs.

In principle, plasma parameters can be extracted from OES
using theoretical modeling of the electronic states of the atoms and
ions responsible for the optical emission. Such theoretical plasma
models can be found, e.g., for argon’”’44 and xenon, 252472714547
but rarely for gas mixtures where even more microscopic processes
need to be accounted for in order to obtain a reliable description.
There are some studies in which theoretical models were applied to

ARTICLE scitation.orgl/journalljap

gas mixtures, but those focus on electron excitation only.""**~>" One
exception is Ref. 52, which also considers several atom and molecule
collision mechanisms. Such theoretical models are typically set up
with a specific application in mind. The specifics of the application
will be reflected by the number of electronic states and the selection
of the microscopic processes between the species of the plasma,
which are taken into account. Taking xenon as an example, Ref. 53
lists 443 electronic states just for neutral xenon, 161 for Xet, 157 for
Xe*t, and more for even higher ionization levels. The amount of
electronic states used for theoretical models varies, e.g., 173 states in
Ref. 24 or 38 states in Ref. 47. This means that the models are not
easily transferable to other applications where the macroscopic excita-
tion and discharge conditions of the plasma have changed. In partic-
ular, this also applies for gas mixtures. Adding another atomic species
to a propellant, such as krypton to xenon, requires an accurate
description of the electronic states of both species and corresponding
ions similar to Refs. 41, 48, and 52. Furthermore, an entirely different
set of microscopic processes between the xenon and krypton species
comes into play, as for describing xenon-krypton collisions and exci-
tation transfer.”* A mixed gas model that includes such transfer
mechanisms for argon and nitrogen is shown in Ref. 52. The missing
parameters, such as cross sections, etc., are difficult to predict with ab
initio theories and hard to determine experimentally.”**

Here, we demonstrate that our non-invasive approach for
determining plasma parameters is easily transferable to more
sophisticated plasmas, such as those of gas mixtures of xenon and
krypton. In future studies, this method might be applied to iodine
plasmas as well, as iodine is another promising alternative to xenon
as a propellant.”>*° We demonstrate that the challenges met when
attempting a microscopic description of such plasmas can be cir-
cumvented by our approach, and the plasma parameters can be
reliably extracted.

Il. EXPERIMENTAL DETAILS

The experimental setup used is shown in Fig. 1. The plasma is
generated in a cylindrical RIT-10 (10 cm diameter) quartz glass

ICCD

mirror.

N ) RFG
[ '
_—— 00000  (wwwm
Czerny-Turner spectrometer T-pipe RIT-10 Langmuir

discharge vessel

measurement unit

1 Langmuir probe

D

Lens

FIG. 1. Experimental setup for simultaneous measurement of the optical emis-
sion spectrum and the plasma parameters via a Langmuir double probe at the
same position. The connections to the computer are shown as red lines. The
setup is a modified version of the setup used in the previous work™ yielding
higher accuracy and allowing for the operation with mixed gases.
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discharge vessel. The vessel has no extraction system and is oper-
ated without surrounding vacuum. Only the inside of the vessel is
evacuated via the opening that holds the extraction system in a
thruster arrangement. The magnetic field generated by the rf coil
with six windings surrounding the vessel is not affected by the
exposure to air as the relative permittivity of air and vacuum is
almost identical.”” The gas inlet is mounted on the opposite side of
the vessel and also contains the Langmuir double probe to deter-
mine the electron temperature T, and density He. 00809

The probe diagnostics were realized with a Keysight B2901A
Precision Source/Measurement Unit as a four-wire measurement.
The measurement range was —100 to 100V (potential difference
between the two probe wires) with voltage steps of 0.1V and an
integration time of 50 ms. The uncertainty for voltage and current
measurement is given in the data sheet of the instrument with
+0.015% and +0.02%, respectively. The Langmuir probe was
built in-house and consists of two cylindrical wires of length
6.90 + 0.1 mm and a radius of 0.125 + 0.0125mm. The spacing
between the wires was 1.425 + 0.025 mm.

The optical access to the discharge vessel is given by a glass
window, and the focus of the detection optics is positioned in close
vicinity of the Langmuir probe. The omission of the extraction
system probably causes differences in the gas density distribution.
Therefore, it is important to perform OES and Langmuir diagnos-
tics on the same spot so that the correlation can be transferred to a
real thruster with different gas density distributions with minimal
error. The used 0.5 m Czerny-Turner spectrometer is connected to
an intensified charge-coupled device (ICCD) camera (Princeton
Instruments PI-MAX 4 1024f). The ICCD is capable of both
continuous-wave (cw) and time-resolved measurements on the
nanosecond scale but was only used for cw-measurements here.
We chose a spectral window from 808 to 837 nm as it contains
some of the fastest decaying spectral transitions for both neutral
xenon and krypton.”’ Examples for xenon and krypton spectra are
shown in Fig. 2. The observed optical transitions and feeding tran-
sitions of a potential transition chain are listed in Table I. All of the
observed spectral transitions have relaxation times shorter than the
period of the rf cycle, most of them by about an order of magni-
tude. The spectral resolution in the observed wavelength region is
approximately 28 pm/pixel. The spectra were measured with 500 us
integration time and were averaged 10000 times. The ICCD’s
intensifier was set to 1. We found a standard deviation of 1%-2%
relative to the average counts for the background region and up to
5% at the peak positions. The response correction was performed
with an AVALIGHT-HAL-CAL-MINI calibration source. The
gas flow into the discharge vessel is controlled by a set of gas
flow controllers (MFC), one for xenon (Bronkhorst EL-Flow
F-200CV-AAA-11-V) and another for krypton (Bronkhorst
EL-Flow select F-200CV-002-AAD-00-V). Both MFCs have a
maximum flow range of 1.5 sccm xenon. The MEC calibration with
the used gases (Kr 5.0 and Xe 4.0) was performed with a Mettler
Toledo ME503T/00 scale with a mounted gas reservoir. In this cali-
bration process, the reservoir is evacuated and then filled by setting
a constant mass flow on the MFC under calibration. The measured
weight is recorded until a total mass of 150 mg is accumulated.
This measurement was done for four different gas flows for both
MECs. A linear fit of the weight over time measurements yields the
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FIG. 2. Example spectra for both xenon and krypton as well as mixed gas
plasma. Additional information about the individual lines can be found in Table I.
The shown spectra are intensity-normalized.

actual gas flow. A linear fit of the actual gas flows over the nominal
gas flows yields the calibration function. The accuracy of the cali-
bration was about 0.1% for xenon and about 1.5% for krypton.
The plasma was excited by a half-bridge radio-frequency generator
(RFG)”"’* at a resonance frequency around 1.6 MHz corresponding
to a period of the rf cycle of 625ns. The RFG input power was
delivered by an Aim TTi CPX400DP power source, and the fre-
quency was measured with a GW Instek GDS-2204E oscilloscope.
The RFG input power was varied while keeping the gas flow cons-
tant. The experiments were performed for various combinations of
xenon and krypton gas flows. The plasma was operated for 5 min
at each operational point before starting the measurement to
ensure thermal stability during roughly 2min of measurement
time. After changing the gas flow settings, the plasma was allowed
to settle for 12 min before commencing the measurements.

In a previously conducted measurement series, we used the
glass vessel with an easy optical access to the plasma from behind.”
The setup was rearranged and improved in order to allow detection
of the plasma emission from a spot close to the Langmuir probe.
The rearrangement of the setup further increases the reliability of the
measurement approach. The previously used spectral window from
820 to 840nm’  was shifted slightly toward shorter wavelengths
(808-837 nm), thus sacrificing one small xenon line in favor of a
strong krypton double line (KO+K1 and K2 in Fig. 2).

A. Principal component analysis

To analyze the behavior of the relative line intensities for differ-
ent operational points of the plasma of a species or gas mixture, we
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TABLE |. Wavelengths, relaxation times, intensities, and the involved electronic states of the observed transitions shown in Fig. 2 are listed for both xenon
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53,70 and

krypton.”””* The listed intensities are only the qualitative values from Refs. 53 and 73. Using the index, the transitions can be found in Fig. 2. The observed transitions are
also shown in bold.

Lower level Upper level

Index Wavelength (nm) Relaxation time (IIS) Intensity Conﬁguration Term ] Conﬁguration Term ]
(X0) 817.10 n.a. 100 5p°(2P°3,,)6p 2[3/2] 2 5p°(CP°y5)5d 2[3/2]° 2
(X0,1) 722.26 na. 20 5p°(*P°15)5d 23210 2 5p°(CP°y,)6f 25021 3
(X0,2) 800.96 na. 30 5p°(*P°15)5d 232]° 2 5p°(CP°10)5f 25021 3
(X1) 820.63 50 700 5p°(CP°,,)6s 2112° 0 5p°(CP°,,)6p 232] 1
(X1,1) 3605.49 1700 20 5p°(CP°y)6p ’32] 1 5p°CP°y)5d ’[52]1° 2
(X2) 823.16 35 10000 5p°(PP°3/,)6s 2[3/2]° 2 5p°(CP°;,,)6p 2321 2
(X2,1) 3107.77 1400 6000 5p°(CP%5)6p 2321 2 5p°(*P%32)5d 2[5/2]° 3
(X2,2) 1672.82 556 5000 5p°(P%,)6p 2321 2 5p°(*P°32)7s 232]° 2
(X2,3) 739.38 204 150 5p°(CP°5,)6p 3/2] 2 5p°(CP°s)7d 2[52]° 3
(X3) 826.65 61.7 500 5p°(CP°,)6s 12 1 5p°(CP°,,)6p 121 1
(X3,1) 4610.87 3700 1 5p°(P°15)6p 2[1/2] 1 5p°(CP°y))5d 3210 2
(X4) 828.01 27.1 7000 5p°(2P°5,,)6s 2[3/2]° 1 5p°(2P°5,,)6p 2[1/2] o
(X4,1) 1878.82 1100 860 5p°(CP%,)6p 1121 0 5p°(CP°s),)7s 320 1
(X4,2) 2651.77 6300 30 5p°(CP°5)6p /2] 0 5p°(CP°s))5d 232 1
(X5) 834.68 24 2000 Sp:(22P°1,2)6s 22[1/2]° 1 5p§(§P°1,2)6p 22[3/2] 2
(X5,1) 3869.68 1900 200 5p°(PP°1,)6p [32] 2 5p°(P°y))5d [5/21° 3
(K0) 810.40 153 500 4524p°CP%0)5p  *[512] 3 4s*4p>(CP°s)5d  C[72]° 4
(K1) 810.44 112 4000 45%4p°(CP°5)5s  2[312]1° 2 4s4p(CPoin)sp P[512] 2
(K1,1) 1317.74 204 310 45°4p°CP0)5p (5121 2 ASS4pP(CPoap)6s C[32]° 1
(K1,2) 1362.24 201 130 4524p° (P23 0)5p  2[5/2]1 2 4sfapP(CPep)ad  P[3/2]° 1
(K1,3) 1689.05 130 340 4524p°(CP°30)5p  2[5/2]1 2 45f4pP(CPeip)ad  P[7/2]° 3
(K2) 811.29 27.70 500 454p°(P°5)5s  2[3121° 2 4S4p(CPospn)5p P[512] 3
EK2,1§ 645.63 150 200 4s§4pz§P°3/2;5p 2{5/2} 3 4sz4sz§P°3/2;6Z 2{7/2}° 4
K2,2 810.40 153 500 45%4p>(*P°3,)5p 5/2 3 45%4p°(CP°5))5 7/2° 4
(K2,3) 1363.42 97.1 250 4524p°(CP°30)5p  2[5/21 3 4s4pP(CPp)6s [3/2]° 2
(K3) 819.01 112 300 45%4p°(CP°5)5s  2[312]1° 1 4s4p(CPosn)5p P[32] 2
(K3,1) 985.62 251 500 45°4p°CP%0)5p  *[312] 2 4sk4pPCPey)ad (3120 2
(K3,2) 1537.20 680 725 45°4p°CP%0)5p  C[312] 2 4ASS4pP(CPoap)es C[312]° 2
(K3,3) 1678.51 148 320 4524p° (PP 0)5p  2[3/2]1 2 45f4pP(CPop)ad  P[5/2]° 3
(K4) 826.32 29.27 400 45%4p°(CP°y )5 2[12]° 1 4sap(CPey,)sp P[32] 2
Eﬁg iggg.gg 37;2 ; ;2 izzipz(zPZM)sp 2[3/2] 2 43224p55(22P‘;3,2)6d 2[7/212 3

, ) ' p°(2P°y1)5p (321 2 45%4p°(*P°10)6s [1/2] 1
(K5) 828.11 70.52 200 4s%4p°(*P°0)5s C[1/2]° 1 4sfap(CPey)sp Y[12] 1
(K5,1) 1012.10 1600 30 45%4p° P )5p  2[172] 1 45%4p°CPsp)6d  2[312]° 2
(K5,2) 1383.29 321 8 4524p°CP° p)5p  *[1/2] 1 45%4p°CPoy)6s P[1/2]° 1
(K5,3) 1393.90 90.9 10 45°4p°CP° p)5p  *[1/2] 1 45%4p°CP°)6s  2[172]° 0
(K6) 829.81 34.12 500 4524p°CP%,,)5s  2[3/2]° 1 4s4p°(CP%,)5p  2[3/2] 1
(K6,1) 1442.68 108 350 45%4p°(PP°3)5p  2[312] 1 45%4p°CP%0)6s  2[32]° 1
(K6,2) 1496.19 1110 290 45%4p°(CP°3)5p  2[3/2] 1 45%4p°CPp)4d  2[3/2]° 1
(K6,3) 1693.58 173 280 4524p°(CP%0)5p  *[3/2] 1 45%4p°(CPsp)ad  2[572]° 2

performed a PCA™ of all recorded spectra at up to several hundreds
of operational points. The PCA technique reduces the dimensions of
a dataset with a large number of measured variables. This simplifies
the process of correlating the spectral information and the corre-
sponding plasma parameters significantly. PCA is not the only tech-
nique capable of dimension reduction. Other methods include linear
discriminant analysis,”* non-negative matrix factorization,”” and
factor analysis.” However, we only focus on the PCA here.

For establishing an empirical correlation between OES and
plasma parameters, a reference dataset is measured, consisting of a
total of m spectra. Each spectrum consists of n data points or n
wavelength positions and their respective spectral intensities. In
other words, a spectrum is a point in an n-dimensional coordinate
space, in which the n wavelength positions define the coordinate
axes and the respective intensities are the coordinates on these
axes. By performing a PCA, the n-dimensional coordinate space
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that contains the spectra is, for example, reduced into a two-
dimensional coordinate space, in which the individual data points
still are well separated. This two-dimensional coordinate space is
spanned by two new axes, which typically contain the highest and
second highest variance of the dataset.

The process of determining the PCA axes is described in the
following. The covariances o;; of each of the n wavelength positions
with every other wavelength position (including itself) are calcu-
lated using

| _ _
o =% Z (ki — %) X (x — %), (1)
k=0

where xy; and xy; are the intensities of spectrum k at the two wave-
length positions i and j. The variables X; and x; are the average
intensities at the wavelength positions i and j of the average
spectrum of all spectra of the recorded set.

With the covariances calculated, the covariance matrix C is set
up as

Oo0 Oo1 “** Oon
010 011 '+ Oum

C=1 . . |- (2)
Ono  Onl ttr Opp

The eigenvalues of C correspond to the data variances on the prin-
cipal component axes PCg (1), which are the eigenvectors of C and
are spectrum-like with n components.

The coordinates (or scores) of a spectrum S(4) in this new
coordinate system of PCg;(1) are calculated as follows:

PC; =Y (S(A) — Spca(d) x PCg,(A), 3)
i

where Spca is the average spectrum of the reference dataset. The
spectrum S(A) can now be written as a series expansion,

S() = Seeal@) + Y | PC; x PCyi(). (4)

The fraction in percent of the total variance on each axis
shows how much of the variation in the data is represented by the
scores of this principal component. Often, the sum the variances
on PC; and PG, is already close to 100% of the total variance so
that the data can be sufficiently separated in just two dimensions.

B. Evaluation of the Langmuir probe measurements

The Langmuir probe measurements were evaluated using a
modified version of the standard procedure.'”**°**” This modified
approach is more robust against deviations from the theoretical
ideal. It was developed in the course of our previously reported
experiments”” on the basis of the standard procedure.'”**>*” The
process is shown in Fig. 3, where the first step is the determination
of the ion saturation current Ig. I is the intercept of a linear fit
[f(U) =a x U+1Iy] in the saturation regions shown as red
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FIG. 3. Langmuir double probe evaluation process illustrated for measurement
data of a pure xenon plasma. The linear parts of the measured curve (black
line) are fitted to obtain the ion saturation current /s, (red dashed lines). The
probe voltage U is the potential difference between the two probe wires. The
curve is corrected (dashed blue line), and the maximum slope is determined by
fitting a third order polynomial (dotted green line) in the vicinity of U = 0V. The
plasma parameters T, and n, are calculated using Egs. (5) and (6).

dashed lines in Fig. 3. To correct for the saturation, the slope a is
subtracted from the U-I-characteristics
[Lcorrected(U) = I(U) — a x U], and the dashed blue curve in Fig. 3
is obtained. The corrected curve Iorrected(U) is normalized by divid-
ing by Iy (not shown in Fig. 3 for simplicity). The maximum slope
Smax Of the normalized, corrected curve is proportional to the
inverse electron temperature Te. Smax is Obtained by a polynomial
fit of third order [f(x) = 3.7 , & x x'] in the region —AU to +AU;
therefore, smax = —1a%/a3 +a;. The electron temperature in
Kelvin is calculated according to

e

T, (5)

- 2kB X Smax.

To calculate the electron density ., the previously determined
values I and Te, as well as the probe area A, and the ion mass

Mion are needed,
Isat Mion
= X 6
"= ae \keTe ©)

An additional approximation is necessary when the electron
density . has to be calculated for mixed gas plasmas using Eq. (6).
The ion mass ;o is not easily determined, as the mixture consists
of the two main ion species Xe™ and Kr", which both contribute
to the measured Langmuir U-I-characteristics. We, therefore, use
an approximated effective ion mass Mo eff for the calculation of n.
Since the gas flow Q in sccm represents the number of particles
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inserted into the discharge chamber, we can calculate the weighted
average atomic mass Mgrom,eff aS

m & = Mye X QXe + mg, X Qxr
atom,eff — Xe ~ AN Kr -~ A
QXe + QKr

7
QXe + QKr ( )

assuming equal residence times of the two atomic species inside
the discharge chamber. While the exact gas flow does not matter
for the evaluation of Langmuir measurements on a pure gas
plasma, mixed gas plasmas require calibrated MFCs to avoid errors
when employing Eq. (7). If we further assume the ionization degree
for xenon and krypton to be identical, effective atomic mass and
effective ion mass will be equal (Matomeff = Mioneff). HOWever, in
reality, krypton will have a shorter residence time due to its smaller
mass and, therefore, a higher thermal velocity. Furthermore, the
higher ionization energy of krypton will result in a lower ionization
degree than for xenon. Both effects will push the real effective ion
mass further toward that of xenon. Therefore, the real n. will be
probably somewhat higher than estimated. However, our assump-
tions should be sufficient to demonstrate the basic principle of our
approach without going deeper into ionization processes and parti-
cle motion.

The definition of a temperature assumes a Maxwellian elec-
tron energy distribution function (EEDF)."”**® In an rf plasma,
the fast electrons in the Maxwell tail are suppressed; therefore, the
EEDF can deviate from the Maxwellian ideal.”””” This also changes
the optical spectrum, as excitation rates change. Our empirical
approach builds a correlation on a set of experimental data of a real
plasma. Thus, as long as another real plasma analyzed on the basis
of our reference data is comparable to the one used for acquiring
the reference data (which shall be the case, if the optical emission
spectra are comparable), the specific EEDF is not too relevant for
the outcome of the analysis. We assume that a spectrum will be
comparable to the reference spectra, if the plasma under study is
driven under comparable experimental conditions (i.e., rf frequency
and power, neutral gas densities of the propellant mixture) and if
all relative line intensities are within the range of the mapped line
intensities. If the PCA scores then fall inside the reference PCA, the
correlation will be applicable. However, it should be noted that the
validity of the application to a plasma in a setup other than the
reference setup is not investigated here. It is yet unclear whether
differences in the setup may affect the applicability.

11l. RESULTS AND DISCUSSION

During the acquisition of a series of hundreds of spectra,
small vibrations or thermal expansion of the measurement equip-
ment might cause small wavelength shifts of the optical transitions
of some tens of picometers. Here, the spectra shifted by approxi-
mately 1pixel or 28 pm over the full measurement series. While
they are not relevant for the evaluation, the PCA may be sensitive
to such shifts. To circumvent the issue, the spectral information is
simplified by integrating the line intensities of the, e.g., six xenon
lines shown in Fig. 2. For example, the line intensity of X2 at
823.16 nm is determined by adding up all measured intensities
between 821.99 and 824.11 nm. The PCA is then performed with
these line intensities as input. The obtained principal components
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PCg; (i=1, ...,6 for xenon) are the new coordinate axes with
maximum data spread, where PCg; covers the highest variance, fol-
lowed by PCg, etc.

First, we conducted measurements on a pure xenon plasma at
various gas flows and input powers. PCg; and PCg, cover the
majority of the data variance. However, due to a wide range of rf
power, the first two principal components are not fully sufficient to
separate the spectra in the corresponding 2D representation for all
operational points of the plasma, with each spectrum correspond-
ing to another set of plasma parameters. To fully separate the
spectra, the third axis PCg; also has to be considered. For this
purpose, we define a new axis direction in the PC;/PC, plane as a
linear combination of PC; and PC, defined by the vector v,

_ 141 . PCI _
xv—(vz) <PC2)—V1><PC1+V2 XPCz. (8)

Choosing v; = —1/3 and v, =1 in this case yields a satisfactory
separation of the data points (each corresponding to a spectrum
of a specific operational point of the plasma) when plotting the
corresponding scores in a projected 2D representation PC; vs
(—1/3PC, + PC,) as shown in Fig. 4(a). The scores in Fig. 4(a)
reveal a regular pattern with clear trends as functions of the exter-
nal input parameters, i.e., the rf power coupled into the plasma and
the propellant gas flow defining the neutral gas density of the
plasma. A variation of the gas density for a given power yields
almost straight lines in the 2D plane, whereas the variation of the rf
power at a fixed density leads to curves as indicated in the figure.

The corresponding plasma parameters shown in Fig. 4(b)
measured simultaneously with the spectra exhibit the anticipated
trends.'>”*”’ Lowering the xenon gas flow increases the electron
temperature. The electron density increases with higher input
power. The maximum electron density reached for lower gas flow
decreases, as the input power limitation is reached earlier. An inter-
esting pattern occurs at low input powers, where the mapping was
done in small power steps. Here, the electron temperature rises
with increasing electron density and falls off again exhibiting a
sharp maximum at around 5 x 10! m~3. Currently, we seek a sat-
isfactory explanation for this behavior.

Having established a 2D representation in a 2D plane of the
coordinate space in Fig. 4(a), which virtually separates the data
points representing all spectra taken at different operational condi-
tions and having shown in Fig. 4(b) that the plasma parameters T,
and #n. show the anticipated trends, we can now parameterize the
dependence of T. and n. on the coordinates given by the chosen
new axes. To describe the plasma parameters in Fig. 4(b) as a func-
tion of the scores shown in Fig. 4(a), we introduce the fitting func-
tion,

n i+j<n

f(xv»PC3):Zzai,j><xi,><PCé. 9)
=0

i=0

Here, x, is the modified score value according to Eq. (8) and n is
the polynomial order of the fit. Using the fitting function in Eq. (9)
with a polynomial order of n = 4, the R?-values for the T, and #.
fits are 0.954 and 0.990, respectively. Since the function in Eq. (9)
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FIG. 4. PCA scores of a series of xenon spectra taken at various gas flows (a). The three-dimensional scores are displayed in two dimensions with the x axis being a
vector on the PC4-PC, plane to better visualize the spread in the OES data. The corresponding plasma parameters measured with the Langmuir double probe of the
same series are shown in (b). The fits of the electron density (c) and the temperature (d) over the modified PCA scores are the correlation between OES and plasma

parameters for pure xenon.

is three-dimensional, the fits can be displayed and are shown in parameterization is best in the center of the set of data points and
Figs. 4(c) and 4(d). The two 3D plots clearly demonstrate that the deviates toward the edges of the fitted 2D surface. In this measured
PCA can indeed establish correlations between plasma parameters dataset, we find the deviation between measured and calculated

and the optical emission spectra. Of course, such a plasma parameters to be about +5% for T, and +20% for n,
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when the edges of the contour fitting are avoided. For the antici-
pated application, i.e., the non-invasive determination of the
plasma parameters inside an ion thruster, it will be of major impor-
tance that the operational points of its plasma lie well inside the
parameter space of operational points of the reference plasma.
However, if this is given, the plasma parameters can be determined
non-invasively with a high degree of accuracy.

Using the same approach, we can also analyze the OES data
for krypton plasmas. The data points corresponding to the optical
emission spectra recorded at different operational points of the
plasma can be separated quite well when plotting their PC scores in
the plane spanned by PC, and PC; as shown in Fig. 5(a). However,
there is no angle at which the first three principal component
scores can be projected to a 2D representation without major over-
lapping of data points.

Nevertheless, the plot of the electron density n. vs electron
temperature T, in Fig. 5(b) shows again clear trends as a function
of rf power and gas flow. The electron temperatures reach higher
levels than for xenon, while the electron densities are somewhat
smaller. Due to the higher ionization energy of krypton, more
energy is needed for heating of the electrons before ionization is
possible. Therefore, a hotter, less dense plasma is expected.

Contrary to the xenon case, the two plasma parameters cannot
be fitted to a fitting curve according to Eq. (9), as the overlapping
shown in Fig. 5(a) prevents a direct surjective correspondence.
One possibility to set up a parametric correlation is employing
a higher dimensional fit, thus yielding T.(PC;, PC;, PC;) and
ne(PCy, PC,, PC;). However, such a fit cannot be presented in a 3D
plot. Therefore, we use an alternative approach. As the data cloud
forms a 3D surface, another option is to find a parametric descrip-
tion of that surface with two variables # and v and to establish corre-
lations Te(u, v) and #n.(u, v). For this purpose, we created a mesh
from the PCA results as shown in Fig. 5(a). We then assigned u and
v values to the individual measurements according to their position
on that mesh so that u increases with decreasing input power, while
v increases with decreasing mass flow. The PCA scores can then be
fitted as a function of the u-v coordinates as shown in Fig. 5(c). The
corresponding plasma parameters shown in Fig. 5(b) can also be
fitted as functions of the u-v coordinates as shown in Figs. 5(d)
and 5(e). All fits were performed using fitting functions of the type,

n i+j<n

f(u, v)zz Zai,jxuixﬂ, (10)
=0

i=0

with n = 3. The R® values were 0.978 for PC;(u, v), 0.986 for
PCy(u, v), 0.991 for PCs(u, v), 0.918 for Te(u,v), and 0.997 for
ne(u, v).

A new spectrum measured at an operational point where the
plasma parameters shall be determined can now be transferred in
the PCA coordinate space using Eq. (3). To obtain the plasma
parameters for this operational point, the u-v coordinates have to
be determined. By looking at the position of the corresponding
PCA-point on the mesh shown in Fig. 5(a), u-v coordinates can be
estimated. The u-v values can now be refined using the previously
found functions PC;(u, v) and minimizing the sum of the relative
quadratic deviations of the measured scores PC; of the spectrum
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and the calculated scores PC;(u, v) using

3 2
PC; — PCi(u,
2(0700”)) . min. (1)
i=1 PG

The refined u-v values can then be used to obtain T. and 7. using
the previously found functions T.(u, v) and ne(u, v). This method
is, however, somewhat reliant on the quality of the parameteriza-
tion PC;(u, v) and a good first estimation of u and v. Especially
toward the edges of the fitting regions, this method becomes less
reliable. In our measured dataset, if good first estimations are used
and the edges are avoided, we find the deviation between measured
and calculated plasma parameters to be about +10% for T, and
+25% for n..

After having demonstrated that our approach is suitable for
plasmas of pure xenon and krypton propellants, we will now turn
to its use for analyzing plasmas of gas mixtures of xenon and
krypton. The spectra of the xenon/krypton plasma shown in Fig. 2
indicate one of the challenges typical in analyzing OES data of
mixed plasma. In the spectral window selected by us, the spectral
lines of xenon and krypton, X3 and K4, and X4 and K5 overlap.
We have handled this situation by considering these lines as one
line in the simplification procedure prior to the PCA. Furthermore,
we have performed multiple series of combined OES and Langmuir
measurements where we have kept the krypton gas flow constant
and varied the xenon gas flow. In other words, the mixing ratio is
not constant throughout a series. We have acquired datasets for the
four constant krypton gas flows 0.354, 0.218, 0.147, and
0.108 sccm. In what follows, we will exemplarily discuss the data set
where the krypton gas flow was set to 0.218 sccm and the xenon
gas flow was varied between about 0.1 and 0.4 sccm.

As for the pure propellants, the PCA results of the mixture
allow one to separate all the data points corresponding to optical
emission spectra taken at different operational conditions as shown
in Fig. 6(a). Thus, the projection method could be employed
similar to the pure xenon case. The projection plane was spanned
by PC, and the linear combination of —0.05PC; + PC;. Again,
clear trends in the 2D plot can be observed as a function of increas-
ing xenon flow as well as in dependence on rf power as indicated in
Fig. 6(a).

The same holds for the plot of electron temperature T, vs elec-
tron density . in Fig. 6(b). Characteristic curves are obtained as a
function of added xenon gas flow and as a function of rf power.
These resemble those obtained for the pure propellants.

As expected, the electron temperature rises with decreasing
gas flow. However, the differences in the electron temperature for
different xenon gas flows shown in Fig. 6(b) become smaller with
decreasing xenon gas flows. The rise in the electron temperature is
a result of lower neutral gas density, where the electrons acquire
more energy per rf half cycle, as they have a lower probability to
collide with atoms and ions. In this case, only the xenon gas flow
of the gas mixture is lowered; therefore, only the neutral xenon
density is reduced. Since the krypton gas flow remains constant,
the overall neutral gas density approaches a constant value greater
than zero. Decreasing the xenon gas flow from, e.g, 0.120 to
0.111 sccm, has less effect on the plasma parameters than in pure
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FIG. 5. PCA scores for a series of krypton spectra taken at various gas flows (a). The data spread can be seen best when observing the three-dimensional scores in the
PC,—PC; plane. The corresponding plasma parameters measured with the Langmuir double probe for this series are shown in (b). A fit for each principal component as a

function of new coordinates u and v is shown in (c). The data points of PCy and PC,

in (c) are shifted upward for a better visual representation. The values for the new

variables u and v are assigned to the data points in the PCA coordinate space according to their position on the mesh shown in (a). The plasma parameters can also be
fitted as functions of the u-v coordinates, as shown for electron density (d) and temperature (e). This yields a correlation between optical emission spectra and plasma
parameters with one additional step to perform compared to the projection method used for xenon in Fig. 4.

xenon as the krypton atoms present as a background serve as colli-
sion partners for the electrons. Vice versa, a small portion of xenon
in the plasma still provides enough easily ionizable atoms to keep
the electron temperature below the ones shown in Fig. 5(b) for
pure krypton.

These findings allow us to plot surfaces of the plasma parame-
ters in dependence of the PCA based coordinates selected for

achieving the separation into two dimensions in Fig. 6(a). The two
surface fits of electron density #. and electron temperature T, are
shown in Figs. 6(c) and 6(d), respectively. Here, Eq. (9) was applied
with a polynomial order of n = 4, yielding an R* of 0.980 for #,
and 0.978 for T.. In this mixed gas dataset, we find the deviation
between measured and calculated plasma parameters to be about
+5% for T, and +25% for n. when the edges of the contour
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FIG. 6. PCA scores of the xenon/krypton mixed gas OES measurements for a constant krypton gas flow of 0.218 sccm and variable xenon gas flow (a). Like in Fig. 4(a),
the three-dimensional scores are displayed in two dimensions with the x axis being a vector on the PCi—PC; plane to better visualize the spread in the OES data. The cor-
responding plasma parameters from the Langmuir double probe measurements are shown in (b). The fits of the electron density (c) and temperature (d) over the modified
PCA scores are the correlation between OES and plasma parameters for the mixed gas plasma with a constant krypton gas flow of 0.218 sccm.

fitting are avoided. Similar results have been obtained for the other similar analysis and the establishment of a surjective mapping of
xenon/krypton gas mixture series based on constant krypton gas the PC scores of spectra onto the corresponding plasma parameters
flows of 0.354, 0.147, and 0.108 sccm, which are provided in the are also possible for datasets taken of xenon/krypton gas mixtures
data availability statement. The results strongly suggest that a with constant fractions of xenon and krypton.
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The situation is different when simultaneously performing a
PCA of the full dataset, i.e., of all spectra taken at different xenon
and krypton gas flows and rf powers. In this case, we cannot find a
2D plane in the coordinate space of the spectra where the data
points representing the spectra are clearly separated. This means
that at least a third principal component based coordinate axis is
required to achieve a full separation of the data points representing
the spectra. However, this is somewhat anticipated as three external
control parameters, xenon gas flow, krypton gas flows, and rf
power, are variable in this situation. However, it should still be pos-
sible to establish a corresponding surjective mapping between PC
scores and plasma parameters, but it will be of higher dimensional-
ity than two-dimensional.

IV. CONCLUSION

We have developed an empirical approach for correlating
optical emission spectra of gas plasmas obtained at different opera-
tional points with the corresponding plasma parameters. For this
purpose, we measured the optical emission spectra of xenon,
krypton, and xenon/krypton mixed plasmas at different operational
points and simultaneously performed Langmuir probe measure-
ments. The different operational points were defined by tuning two
external parameters, the propellant gas flow (in the case of the gas
mixtures, the gas flow of one constituent, while keeping that of the
other constant), as well as the power coupled into the plasma for
each set of combined optical emission and Langmuir measure-
ments. The Langmuir measurements at each operation point were
analyzed to extract electron temperature and electron density. For
each set of optical emission spectra, a principal component analysis
was conducted in order to present the differences in the set of
spectra by a reduced number of characteristic coordinates based on
the principal components. For all sets of spectra, it was possible to
unambiguously characterize each spectrum of the set by two such
characteristic coordinates only. This was demonstrated for xenon
by using a projection method and for krypton by using a u-v
mapping method. In a corresponding, two-dimensional plot in the
plane spanned by these two coordinates, the data points represent-
ing the spectra can be well separated. This separation allows us to
parameterize the plasma parameters as a function of the two coor-
dinates, i.e., to establish a surjective mapping of the optical spectra
onto the plasma parameters. In particular, the finding that this
approach is successful for rather complex plasmas, such as those of
gas mixtures, fortifies our view that the approach will also be appli-
cable to various types of alternative propellants in future studies,
for example, iodine, whose plasma is difficult to describe by micro-
scopic theories. Having established such a reference set by simulta-
neously performing optical emission spectroscopy and Langmuir
measurements, the next step is to employ the surjective mappings
for a non-invasive determination of the plasma properties of
unknown plasmas provided the same gas is used and the opera-
tional parameters lie within those of the reference set. Such
plasmas may be those inside an ion source or ion thruster where
an invasive probe, such as a Langmuir probe, may not be used as it
may affect the plasma properties (e.g., in the case of very small dis-
charge vessels) or where no suitable access for the probe is available
(e.g., in electric thrusters that shall be qualified for space). Future

ARTICLE scitation.orgl/journalljap

studies may also examine the spatial distributions of the plasma
parameters inside a RIT using this approach. The presented
method of non-invasively determining the plasma parameters by
optical spectroscopy will considerably contribute to a better under-
standing of ion thrusters and to speeding up their development
and qualification for space.
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Characterizing an electric propulsion device is crucial during testing and qualification.
The optimization of existing diagnostic systems as well as the development of new ones is an
important part in electric propulsion research. Here, we present an approach to determine
plasma parameters non-invasively by first establishing a correlation between optical emission
spectroscopy (OES) and Langmuir diagnostics and then applying this correlation to new OES
measurements. This approach has no need for theoretical microscopic modeling of the plasma
and its spectra which makes it very versatile since no knowledge of excitation cross sections or
transition matrix elements is required. As the demand for electric propulsion is growing, this
method may help to reduce qualification and testing times and enable continuous monitoring
during use.

1. Introduction

For plasma-based electric propulsion systems xenon is commonly used as a propellant [1]. However, alternative
propellants such as krypton, xenon/krypton gas mixtures or iodine are more and more considered as space electric
propulsion systems turn into mass products [2—7]. Furthermore, commercialization makes the space market even more
competitive, enforcing faster development cycles and lower costs for qualification. As all new thruster systems need to be
tested, it is desirable to extract as much information as possible from every test and qualification step. Thus, non-invasive
in-situ diagnostic methods need to be established not only for the ion plume, but also for the plasma inside the thruster.
Invasive electrical probes are not desirable for characterizing a plasma inside the thruster during qualification, as they
may severely affect the thruster’s operation [8]. Furthermore, in case of a gridded ion thruster, like the radio-frequency
ion thruster (RIT), the plasma is not easily accessible with electrical probes. This only leaves non-invasive diagnostic
techniques, such as optical emission spectroscopy (OES) as appropriate means for characterizing the plasma.

To obtain plasma parameters from an OES measurement, a correlation between plasma parameters and measured
spectra needs to be established. Usually, the OE spectra characteristic for specific plasma parameters are calculated
based on microscopic plasma models (e.g. [9] or [10]). Such models require an exact knowledge of microscopic input
parameters, such as the electronic states of the species forming the plasma, excitation cross-sections and transition
matrix elements, which are not always readily available. We circumvent this challenge by employing an empirical
approach which does not rely on such microscopic input parameters and can be used for all sorts of elemental plasmas
as well for mixed gas plasmas [11, 12].

Prior to characterizing a RIT-10 thruster with active extraction, we measure a large reference data set of optical
emission spectra and simultaneously conduct Langmuir measurements on the same RIT-10. The main differences in the
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Fig.1 Schematic image of the used experimental setup. A RIT-10 is operated in a vacuum chamber. A Langmuir
double probe is inserted in the gas inlet of the thruster. The OES measurement is carried out through an optical
window with focus on the plasma.

measured spectra are determined by applying a principal component analysis [13] (PCA). The PCA yields a simplified
coordinate system in which each spectrum can be displayed as a single point in a low-dimensional, e.g., two-dimensional
coordinate space. The plasma parameters, electron temperature and electron density determined, by the Langmuir
measurements are then fitted onto the new PCA coordinates using a suitable polynomial surface fitting function yielding
one-to-one correspondences between the PCA coordinates and the two plasma parameters. When an optical emission
spectrum is acquired on the thruster operating with extraction in the same plasma region as previously studied in the
reference setup, it can be transformed into a data point in the PCA space. Afterwards its coordinates in PCA space
can be used to extract the corresponding plasma parameters from the polynomial fits of the electron temperature and
electron density surfaces. This procedure can be repeated for different operational points which enables us to relate the
plasma parameters with the thruster’s performance without the need for a Langmuir probe measurement.

I1. Experimental details and theory

A schematic depiction of the experimental setup used in this study is shown in Fig. 1. The thruster is a laboratory
prototype of a RIT-10 with a cylindrical discharge chamber with 10 cm diameter and an extraction system consisting
of three grids. The xenon plasma is generated by a radio-frequency generator (RFG) [14, 15] at a frequency of
approximately 1.6 MHz. The thruster is operated in grounded mode without a neutralizer. A Langmuir double probe is
inserted into the thruster through the gas inlet to measure the plasma parameters. The optical emission spectroscopy
(OES) measurements are performed from the outside of the vacuum chamber through an optical window. The light
from the plasma is focused onto an optical fiber, which is connected to a Czerny-Turner spectrometer with an optical
length of 0.5 m and an intensified charge coupled device (ICCD) for detection. The OES measurements are performed
at a distance of approximately 3.15 m from the thruster and under an angle of approximately 33° to the beam direction.

The test power supply (TPS) consists of the individual power supplies for the negative and positive high voltage



(NHV and PHV) grids, the RFG, and the mass flow controller (MFC). The grid voltages are set to +1700 V on the
PHV grid and —100 V on the NHV grid when extracting an ion beam. This setting yields a focused ion beam for the
investigated beam currents in the range from 40 mA to 80 mA. Since the Langmuir measurement unit can only be biased
with 250V to ground, no Langmuir measurements are performed with active extraction, as the plasma and the probe
will be biased by the PHV. Instead, we measure OES and Langmuir simultaneously without extraction for a wide range
of RFG input powers and xenon gas flows. Afterwards, we unplug the Langmuir probe from the measurement unit and
perform only OES measurements for different thrusts and xenon gas flows.

A. Principle component analysis

The optical spectra obtained from the OES measurements contain 1024 data points each. This means that each
spectrum can be interpreted as a single point in a 1024-dimensional coordinate space. Naturally, correlations between
data in such coordinate systems are hard to detect, so the dimensions have to be reduced preserving as much of the
differences between the data as possible to allow for an easier comparison between different spectra. For this purpose,
the seven emission lines of xenon in the spectral window are in a first step integrated by adding the intensity values
over the full width of the emission lines, leaving a single spectrum as a data point in a coordinate system with only
seven dimensions. To further reduce the dimensions, the OES data is evaluated using the principle component analysis
(PCA) [13] in a second step. The PCA determines the axes with the highest variance in the data set to transform the data
into a new coordinate system based on these axes. This is done by setting up the covariance matrix of the measured

spectra and finding its eigenvectors ITC_: The first PCA axis along the first eigenvector P—C1> then accounts for the highest

variance of the data set, the second PCA axis along P_C; for the second highest variance and so on. The new coordinates
on these PCA axes are also called scores. While the seven dimensions of the data points still yield seven dimensions
after the PCA, the first, e. g., two axes are usually already sufficient to describe the differences of the spectra. This way,
the dimensions are effectively reduced from 1024 to 2, yielding an easy way to discover correlations between input
parameters and optical spectrum.

B. Langmuir

In a Langmuir double probe measurement, a sweeping voltage is applied between two probe wires which are inserted
into the plasma. The resulting voltage-current-characteristic is evaluated to extract the plasma parameters electron
temperature T and electron density n. [8, 16—18]. The evaluation procedure used here is a modified approach on
the basis of the standard procedure [8, 16—18]. This modified approach is described in more detail in our previous
publications [11, 12]. Briefly summarized, the saturation region of the typical Langmuir double probe characteristic
is fitted with a linear dependence. The measured curve is corrected using the slope of the fit and normalized by the
intercept. Now, the electron temperature can be calculated from the maximum slope at a voltage of approximately zero,
which is determined using a third order polynomial fit in this region.

II1. Results and discussion

The measured OES and Langmuir data is evaluated and shown in Fig. 2. Every point in the resulting PCA of the
OES data depicted in Fig. 2 (a) corresponds to a spectrum measured at a specific operational point of the thruster. It can
be seen that the data points representing the spectra are well separated from one another. Only some points at low PC
values overlap. The measurement series for different constant gas flows are arranged in curved lines, which reflects the
changes in the RFG input power. In this case, the first axis PC; accounts for 97.40% of the data variance, which mainly
corresponds to changes in the RFG input power. The second axis PC, accounts for only 2.54% of the data variance and
mainly contains the information about the gas flow.

The electron temperatures 7. and densities n, from the Langmuir double probe measurements shown in Fig. 2 (b)
also can be roughly separated in terms of gas flow and RFG input power. As expected, the temperature rises with lower
gas flows and the ion density rises with higher input power [19-21].

The plasma parameters from Fig. 2 (b) are then plotted over the PCA scores shown in Fig. 2 (a) yielding Fig. 2 (c)
and (d) for T; and ne, respectively. A two dimensional polynomial of the form

i+j<n )
f(PCy, PCy) = a;j - PC} - PC) (1)

n
i=0 j=0
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Fig. 2 The PCA data corresponding to the measured spectra are well separated in the reduced coordinate
system from the PCA (a). The corresponding Langmuir results are shown in (b). The correlations between PCA
and Langmuir results are shown for the electron temperature in (c) and the electron density in (d).
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Fig.3 The PCA scores of the OES measurements during ion beam extraction are shown in (a). The PCA scores
of the reference data set are shown as small dots for comparison. The plasma parameters extracted from the
PCA scores are shown in (b). The performance curves of the five measured beam currents are shown in (c).

with n = 3 is fitted to the data to obtain the functions T, (PCy, PC;) and n.(PC}, PC;), thus correlating the two
measurements. The R2-values from these fits are 0.93 for 7. and 0.96 for ne. Overall, the results are very similar to
previous measurements on a RIT-like setup [11, 12].

This correlation between plasma parameters and optical spectrum is now applied to OES measurements recorded
during active ion beam extraction. The results of this measurement series are shown in Fig. 3. The lines of the recorded

=

spectra are integrated, which yields a vector S with seven components, each component corresponding to the intensity

of an emission line. The PCA scores PC; of these OES measurements shown in Fig. 3 (a) are obtained using the
—> —

eigenvectors PC; and the vector of the average integrated spectrum ( S') of the previously performed PCA

- >

Pci=(S—<S>).Fa. )

It can be seen that the PCA scores of the OES measurements during extraction fall within the reference data set and
follow a logical pattern determined by gas flow and beam current, so it can be assumed that the correlation derived for
the case without extraction still holds. The plasma parameters in Fig. 3 (b) are obtained by inserting the PCA scores
into the polynomial fit functions 7, (PCy, PC3) and ne(PCy, PC;). It can be observed that the electron temperature



decreases with increasing gas flow, which matches the expectations [19-21]. The electron densities shift towards higher
values with higher beam currents, which is also expected [19-21]. The shape of the curves shows a decrease in electron
density with increasing gas flow at first followed by an increase in electron density towards higher gas flows. We are still
investigating the cause of this behavior. However, it has to be noted that the OES measurement reflects the spatially
averaged spectrum, as the light of the plasma is focused on the spectrometer entrance slit. The Langmuir diagnostics
are representative of a small volume inside the thruster. Differences in spatial distribution of plasma parameters can
be misleading, as they might be interpreted as slight global changes of plasma parameters. A direct measurement of
plasma parameters during ion beam extraction might be necessary to verify the results acquired here.

Fig. 3 (c) shows the measured performance curves for the five different beam currents. As expected, the required
power rises with decreasing gas flow as a higher ionization degree is needed to maintain the beam current.

IV. Conclusion

In this work, we measured optical emission spectra simultaneously with Langmuir diagnostics on a RIT-10 operating
with xenon and without ion beam extraction. The OES measurements were simplified by applying a PCA. This yielded
a two-dimensional coordinate space in which a spectrum can be displayed as a single point and spectra of different
operational points can be distinguished easily. Electron temperature and density were determined from the Langmuir
double probe measurements at these points of operation. Langmuir and OES measurements were correlated by fitting
the plasma parameters to the PCA results.

Furthermore, we showed that the optical emission spectra of the plasma of the same RIT-10 thruster with ion
beam extraction are in the range covered previously by the measurements without ion beam extraction. Therefore, the
correlation established between simultaneously measured plasma parameters and OE spectra in case of no extraction
can be applied to the OES measurements recorded during extraction, yielding the corresponding plasma parameters.
Overall, these plasma parameters determined from the OES measurements behave in a reasonable manner.

Further validation of the approach by experiment as well as by comparison with global modeling of the thruster is
still necessary. However, our results underline that a non-invasive OES measurement which can be easily performed,
can yield valuable insight into the behavior of the plasma inside an ion thruster and thus its performance.

Acknowledgments

B. Nauschiitt and F. Becker are grateful for funding of their PhD positions by the JLU-Ariane Group Graduate
School “Radio frequency ion thrusters.” Furthermore, EU regional funding via the EFRE scheme of the State of Hesse
is gratefully acknowledged.

References

[1] Holste, K., Dietz, P., Scharmann, S., Keil, K., Henning, T., Zschitzsch, D., Reitemeyer, M., Nauschiitt, B., Kiefer, F., Kunze, F.,
Zorn, J., Heiliger, C., Joshi, N., Probst, U., Thiiringer, R., Volkmar, C., Packan, D., Peterschmitt, S., Brinkmann, K. T., Zaunick,
H.-G., Thoma, M. H., Kretschmer, M., Leiter, H. J., Schippers, S., Hannemann, K., and Klar, P. J., “Ion thrusters for electric
propulsion: Scientific issues developing a niche technology into a game changer,” Review of Scientific Instruments, Vol. 91,
No. 6, 2020, p. 061101. https://doi.org/10.1063/5.0010134.

[2] Groh, K. H., Loeb, H. W., and Velten, H. W., “Performance data comparison of the inert gas RIT 10,” Vol. 21, No. 4, 1984, pp.
360-365. https://doi.org/10.2514/3.25663.

[3] Kim, V., Popov, G. A., Kozlov, V., Skrylnikov, A., and Grdlichko, D., “Investigation of SPT Performance and Particularities of
it’s Operation with Kr and Kr/Xe Mixtures,” 2001.

[4] Linnell, J. A., and Gallimore, A. D., “Internal plasma potential measurements of a Hall thruster using xenon and krypton
propellant,” Vol. 13, No. 9, 2006, p. 093502. https://doi.org/10.1063/1.2335820.

[5] Linnell, J. A., and Gallimore, A. D., “Efficiency Analysis of a Hall Thruster Operating with Krypton and Xenon,” Vol. 22,
No. 6, 2006, pp. 1402-1418. https://doi.org/10.2514/1.19613.

[6] Holste, K., Gartner, W., Zschétzsch, D., Scharmann, S., Kohler, P., Dietz, P., and Klar, P. J., “Performance of an iodine-fueled radio-
frequency ion-thruster,” The European Physical Journal D, Vol. 72, No. 1, 2018. https://doi.org/10.1140/epjd/e2017-80498-5.

[7] Dietz, P., Gértner, W., Koch, Q., Kohler, P. E., Teng, Y., Schreiner, P. R., Holste, K., and Klar, P. J., “Molecular propellants for ion
thrusters,” Plasma Sources Science and Technology, Vol. 28, No. 8, 2019, p. 084001. https://doi.org/10.1088/1361-6595/ab2c6c.



(8]

[9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Demidov, V. L., Ratynskaia, S. V., and Rypdal, K., “Electric probes for plasmas: The link between theory and instrument,”
Review of Scientific Instruments, Vol. 73, No. 10, 2002, pp. 3409-3439. https://doi.org/10.1063/1.1505099.

Vlcek, J., and Pelikan, V., “A collisional-radiative model applicable to argon discharges over a wide range of conditions. II.
Application to low-pressure, hollow-cathode arc and low-pressure glow discharges,” Journal of Physics D: Applied Physics,
Vol. 22, No. 5, 1989, pp. 632—643. https://doi.org/10.1088/0022-3727/22/5/010.

Boftard, J. B., Jung, R. O., Lin, C. C., Aneskavich, L. E., and Wendt, A. E., “Argon 420.1-419.8 nm emission line ratio for
measuring plasma effective electron temperatures,” Journal of Physics D: Applied Physics, Vol. 45, No. 4, 2012, p. 045201.
https://doi.org/10.1088/0022-3727/45/4/045201.

Nauschiitt, B. T., Chen, L., Holste, K., and Klar, P. J., “Non-invasive assessment of plasma parameters inside an ion thruster
combining optical emission spectroscopy and principal component analysis,” EPJ Techniques and Instrumentation, Vol. 8,
No. 1, 2021. https://doi.org/10.1140/epjti/s40485-021-00070-x.

Nauschiitt, B., Chen, L., Holste, K., and Klar, P. J., “Combination of optical emission spectroscopy and multivariate data
analysis techniques as a versatile non-invasive tool for characterizing xenon/krypton mixed gas plasma inside operating ion
thrusters,” Journal of Applied Physics, Vol. 131, No. 5, 2022, p. 053301. https://doi.org/10.1063/5.0074412.

Abdi, H., and Williams, L. J., “Principal component analysis,” Wiley Interdisciplinary Reviews: Computational Statistics,
Vol. 2, No. 4, 2010, pp. 433-459. https://doi.org/10.1002/wics.101.

Simon, J., Probst, U., and Klar, P. J., “Development of a Radio-Frequency Generator for RF Ion Thrusters,” 34th International
Electric Propulsion Conference, Hyogo-Kobe, Japan, 2015.

Junker, J. E., Probst, U., and Klar, P. J., “Development of a full bridge series resonant radio-frequency generator for optimized
RIT operation,” 36th International Electric Propulsion Conference, Vienna, Austria, 2019.

Benedikt, J., Kersten, H., and Piel, A., “Foundations of measurement of electrons, ions and species fluxes toward surfaces in low-
temperature plasmas,” Plasma Sources Science and Technology, Vol. 30, No. 3, 2021, p. 033001. https://doi.org/10.1088/1361-
6595/abe4bf.

Johnson, E. O., and Malter, L., “A Floating Double Probe Method for Measurements in Gas Discharges,” Physical Review,
Vol. 80, No. 1, 1950, pp. 58-68. https://doi.org/10.1103/physrev.80.58.

Bhattarai, S., “Interpretation of Double Langmuir Probe I-V Characteristics at Different Ionospheric Plasma Temperatures,”
American Journal of Engineering and Applied Sciences, Vol. 10, No. 4, 2017, pp. 882-889. https://doi.org/10.3844/ajeassp.
2017.882.889.

Goebel, D. M., and Katz, 1., Fundamentals of Electric Propulsion, 1% ed., John Wiley & Sons, Hoboken, 2008.

Reeh, A., Probst, U., and Klar, P. J., “Global model of a radio-frequency ion thruster based on a holistic treatment of electron and
ion density profiles,” The European Physical Journal D, Vol. 73, No. 11, 2019. https://doi.org/10.1140/epjd/e2019-100002-3.

Dietz, P., Reeh, A., Keil, K., Holste, K., Probst, U., Klar, P. J., and Volkmar, C., “Global models for radio-frequency ion
thrusters,” Vol. 8, No. 1, 2021. https://doi.org/10.1140/epjti/s40485-021-00068-5.



	Introduction
	Background and fundamentals
	Radio-frequency ion thruster
	Lifetime issues
	Plasma in the RIT
	Optical emission spectroscopy
	Principal Component Analysis
	Basic principle
	Algorithm to perform a PCA
	Data pre-processing

	Langmuir probes
	Data pre-processing
	Data evaluation


	Idea behind combining OES via PCA with Langmuir diagnostics
	Main results
	Publication 1: Non-invasive assessment of plasma parameters inside an ion thruster combining optical emission spectroscopy and principal component analysis (see attachment 1)
	Publication 2: Combination of optical emission spectroscopy and multivariate data analysis techniques as a versatile non-invasive tool for characterizing xenon/krypton mixed gas plasma inside operating ion thrusters (see attachment 2)
	Preliminary additional experimental results
	Publication 3: Plasma parameter measurement on a RIT-10 using empirical correlations between non-invasive optical emission spectroscopy and Langmuir diagnostics (see attachment 3)
	Time-resolved studies
	Spatial plasma mapping


	Conclusion
	Bibliography
	Attachments

