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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.1,2 While they deliver less thrust com-
pared to their chemical counterpart, EP systems excel due to their
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.3,4 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

and correspondingly expensive.5,6 Thus, alternatives are sought,
such as diluting or replacing xenon with the lighter and ten times
more abundant noble gas krypton.7–12 However, the properties of
the plasma operated inside the thruster will change when altering
the propellant used. Consequently, the operational points of the
thruster need to be adjusted. This re-optimization may even require
hardware adaptations.7,11,12

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.13,14 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.1,2,15 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.15 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.15 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.16–18 In principle, invasive
electrical probes can be used to determine plasma parameters19,20

but are typically undesirable during qualification, as they may itself
alter the plasma and, thus, affect the thruster’s performance.19 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.4,21–28 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.29 This method
utilizes a principal component analysis (PCA)30 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 argon31–44 and xenon,4,21,22,24–27,41,45–47

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

gas mixtures, but those focus on electron excitation only.41,48–51 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 Xeþ, 157 for
Xe2þ, 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.54–58 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.59–64

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.65,66 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.

II. 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

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 work29 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.67 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 Te and density ne.

19,20,68,69

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 50ms. 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+ 0:1mm and a radius of 0:125+ 0:0125mm. The spacing
between the wires was 1:425+ 0:025mm.

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 0:5m 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.70 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 μs
integration time and were averaged 10 000 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 MFC 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 150mg is accumulated.
This measurement was done for four different gas flows for both
MFCs. A linear fit of the weight over time measurements yields the

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)71,72 at a resonance frequency around 1.6 MHz corresponding
to a period of the rf cycle of 625 ns. 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 2 min 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.29

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 840 nm29 was shifted slightly toward shorter wavelengths
(808–837 nm), thus sacrificing one small xenon line in favor of a
strong krypton double line (K0+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

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.
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performed a PCA30 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,74 non-negative matrix factorization,75 and
factor analysis.76 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

TABLE I. Wavelengths, relaxation times, intensities, and the involved electronic states of the observed transitions shown in Fig. 2 are listed for both xenon53,70 and
krypton.70,73 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.

Index Wavelength (nm) Relaxation time (ns) Intensity

Lower level Upper level

Configuration Term J Configuration Term J

(X0) 817.10 n.a. 100 5p5(2P°3/2)6p
2[3/2] 2 5p5(2P°1/2)5d

2[3/2]° 2
(X0,1) 722.26 n.a. 20 5p5(2P°1/2)5d

2[3/2]° 2 5p5(2P°1/2)6f
2[5/2] 3

(X0,2) 800.96 n.a. 30 5p5(2P°1/2)5d
2[3/2]° 2 5p5(2P°1/2)5f

2[5/2] 3
(X1) 820.63 50 700 5p5(2P°1/2)6s

2[1/2]° 0 5p5(2P°1/2)6p
2[3/2] 1

(X1,1) 3605.49 1700 20 5p5(2P°1/2)6p
2[3/2] 1 5p5(2P°1/2)5d

2[5/2]° 2
(X2) 823.16 35 10000 5p5(2P°3/2)6s

2[3/2]° 2 5p5(2P°3/2)6p
2[3/2] 2

(X2,1) 3107.77 1400 6000 5p5(2P°3/2)6p
2[3/2] 2 5p5(2P°3/2)5d

2[5/2]° 3
(X2,2) 1672.82 556 5000 5p5(2P°3/2)6p

2[3/2] 2 5p5(2P°3/2)7s
2[3/2]° 2

(X2,3) 739.38 204 150 5p5(2P°3/2)6p
2[3/2] 2 5p5(2P°3/2)7d

2[5/2]° 3
(X3) 826.65 61.7 500 5p5(2P°1/2)6s

2[1/2]° 1 5p5(2P°1/2)6p
2[1/2] 1

(X3,1) 4610.87 3700 1 5p5(2P°1/2)6p
2[1/2] 1 5p5(2P°1/2)5d

2[3/2]° 2
(X4) 828.01 27.1 7000 5p5(2P°3/2)6s

2[3/2]° 1 5p5(2P°3/2)6p
2[1/2] 0

(X4,1) 1878.82 1100 860 5p5(2P°3/2)6p
2[1/2] 0 5p5(2P°3/2)7s

2[3/2]° 1
(X4,2) 2651.77 6300 30 5p5(2P°3/2)6p

2[1/2] 0 5p5(2P°3/2)5d
2[3/2]° 1

(X5) 834.68 24 2000 5p5(2P°1/2)6s
2[1/2]° 1 5p5(2P°1/2)6p

2[3/2] 2
(X5,1) 3869.68 1900 200 5p5(2P°1/2)6p

2[3/2] 2 5p5(2P°1/2)5d
2[5/2]° 3

(K0) 810.40 153 500 4s24p5(2P°3/2)5p
2[5/2] 3 4s24p5(2P°3/2)5d

2[7/2]° 4
(K1) 810.44 112 4000 4s24p5(2P°3/2)5s

2[3/2]° 2 4s24p5(2P°3/2)5p
2[5/2] 2

(K1,1) 1317.74 204 310 4s24p5(2P°3/2)5p
2[5/2] 2 4s24p5(2P°3/2)6s

2[3/2]° 1
(K1,2) 1362.24 201 130 4s24p5(2P°3/2)5p

2[5/2] 2 4s24p5(2P°3/2)4d
2[3/2]° 1

(K1,3) 1689.05 130 340 4s24p5(2P°3/2)5p
2[5/2] 2 4s24p5(2P°3/2)4d

2[7/2]° 3
(K2) 811.29 27.70 500 4s24p5(2P°3/2)5s

2[3/2]° 2 4s24p5(2P°3/2)5p
2[5/2] 3

(K2,1) 645.63 150 200 4s24p5(2P°3/2)5p
2[5/2] 3 4s24p5(2P°3/2)6d

2[7/2]° 4
(K2,2) 810.40 153 500 4s24p5(2P°3/2)5p

2[5/2] 3 4s24p5(2P°3/2)5d
2[7/2]° 4

(K2,3) 1363.42 97.1 250 4s24p5(2P°3/2)5p
2[5/2] 3 4s24p5(2P°3/2)6s

2[3/2]° 2
(K3) 819.01 112 300 4s24p5(2P°3/2)5s

2[3/2]° 1 4s24p5(2P°3/2)5p
2[3/2] 2

(K3,1) 985.62 251 500 4s24p5(2P°3/2)5p
2[3/2] 2 4s24p5(2P°1/2)4d

2[3/2]° 2
(K3,2) 1537.20 680 725 4s24p5(2P°3/2)5p

2[3/2] 2 4s24p5(2P°3/2)6s
2[3/2]° 2

(K3,3) 1678.51 148 320 4s24p5(2P°3/2)5p
2[3/2] 2 4s24p5(2P°3/2)4d

2[5/2]° 3
(K4) 826.32 29.27 400 4s24p5(2P°1/2)5s

2[1/2]° 1 4s24p5(2P°1/2)5p
2[3/2] 2

(K4,1) 1006.60 3770 10 4s24p5(2P°1/2)5p
2[3/2] 2 4s24p5(2P°3/2)6d

2[7/2]° 3
(K4,2) 1388.29 94.3 27 4s24p5(2P°1/2)5p

2[3/2] 2 4s24p5(2P°1/2)6s
2[1/2]° 1

(K5) 828.11 70.52 200 4s24p5(2P°1/2)5s
2[1/2]° 1 4s24p5(2P°1/2)5p

2[1/2] 1
(K5,1) 1012.10 1600 30 4s24p5(2P°1/2)5p

2[1/2] 1 4s24p5(2P°3/2)6d
2[3/2]° 2

(K5,2) 1383.29 321 8 4s24p5(2P°1/2)5p
2[1/2] 1 4s24p5(2P°1/2)6s

2[1/2]° 1
(K5,3) 1393.90 90.9 10 4s24p5(2P°1/2)5p

2[1/2] 1 4s24p5(2P°1/2)6s
2[1/2]° 0

(K6) 829.81 34.12 500 4s24p5(2P°3/2)5s
2[3/2]° 1 4s24p5(2P°3/2)5p

2[3/2] 1
(K6,1) 1442.68 108 350 4s24p5(2P°3/2)5p

2[3/2] 1 4s24p5(2P°3/2)6s
2[3/2]° 1

(K6,2) 1496.19 1110 290 4s24p5(2P°3/2)5p
2[3/2] 1 4s24p5(2P°3/2)4d

2[3/2]° 1
(K6,3) 1693.58 173 280 4s24p5(2P°3/2)5p

2[3/2] 1 4s24p5(2P°3/2)4d
2[5/2]° 2
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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 σ ij of each of the n wavelength positions
with every other wavelength position (including itself ) are calcu-
lated using

σ ij ¼ 1
m

�
Xm
k¼0

(xki � xi)� (xkj � xj), (1)

where xki and xkj are the intensities of spectrum k at the two wave-
length positions i and j. The variables xi and xj 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

C ¼

σ00 σ01 � � � σ0n

σ10 σ11 � � � σ1n

..

. ..
. . .

. ..
.

σn0 σn1 � � � σnn

0
BBB@

1
CCCA: (2)

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

The coordinates (or scores) of a spectrum S(λ) in this new
coordinate system of PCE,i(λ) are calculated as follows:

PCi ¼
X
λ

(S(λ)� SPCA(λ))� PCE,i(λ), (3)

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

S(λ) ¼ SPCA(λ)þ
X
i

PCi � PCE,i(λ): (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 PC1 and PC2 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.19,20,68,69 This modified
approach is more robust against deviations from the theoretical
ideal. It was developed in the course of our previously reported
experiments29 on the basis of the standard procedure.19,20,68,69 The
process is shown in Fig. 3, where the first step is the determination
of the ion saturation current Isat. Isat is the intercept of a linear fit
[f (U) ¼ a� U þ Isat] in the saturation regions shown as red

dashed lines in Fig. 3. To correct for the saturation, the slope a is
subtracted from the U–I-characteristics
[Icorrected(U) ¼ I(U)� a� U], and the dashed blue curve in Fig. 3
is obtained. The corrected curve Icorrected(U) is normalized by divid-
ing by Isat (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) ¼ P3

i¼0 ai � xi] in the region �ΔU to þΔU ;
therefore, smax ¼ � 1

3 a
2
2=a3 þ a1. The electron temperature in

Kelvin is calculated according to

Te ¼ e
2kB � smax

: (5)

To calculate the electron density ne, the previously determined
values Isat and Te, as well as the probe area Ap, and the ion mass
mion are needed,

ne ¼ Isat
Ape

ffiffiffiffiffiffiffiffiffi
mion

kBTe

r
: (6)

An additional approximation is necessary when the electron
density ne has to be calculated for mixed gas plasmas using Eq. (6).
The ion mass mion is not easily determined, as the mixture consists
of the two main ion species Xeþ and Krþ, which both contribute
to the measured Langmuir U–I-characteristics. We, therefore, use
an approximated effective ion mass mion,eff for the calculation of ne.
Since the gas flow Q in sccm represents the number of particles

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 Isat (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 ¼ 0 V. The
plasma parameters Te and ne are calculated using Eqs. (5) and (6).
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inserted into the discharge chamber, we can calculate the weighted
average atomic mass matom,eff as

matom,eff ¼ mXe � QXe

QXe þ QKr
þmKr � QKr

QXe þ QKr
, (7)

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 (matom,eff ¼ mion,eff ). 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 ne 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).19,20,68 In an rf plasma,
the fast electrons in the Maxwell tail are suppressed; therefore, the
EEDF can deviate from the Maxwellian ideal.37,77 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.

III. 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

PCE,i (i ¼ 1, . . . , 6 for xenon) are the new coordinate axes with
maximum data spread, where PCE,1 covers the highest variance, fol-
lowed by PCE,2, etc.

First, we conducted measurements on a pure xenon plasma at
various gas flows and input powers. PCE,1 and PCE,2 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 PCE,3 also has to be considered. For this
purpose, we define a new axis direction in the PC1/PC2 plane as a
linear combination of PC1 and PC2 defined by the vector v!,

xv ¼ v1
v2

� �
� PC1

PC2

� �
¼ v1 � PC1 þ v2 � PC2: (8)

Choosing v1 ¼ �1=3 and v2 ¼ 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 PC3 vs
(�1=3PC1 þ PC2) 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.15,78,79 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� 1016 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 Te

and ne show the anticipated trends, we can now parameterize the
dependence of Te and ne 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,

f (xv, PC3) ¼
Xn
i¼0

Xiþj�n

j¼0

ai,j � xiv � PCj
3: (9)

Here, xv 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 ¼ 4, the R2-values for the Te and ne
fits are 0.954 and 0.990, respectively. Since the function in Eq. (9)
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is three-dimensional, the fits can be displayed and are shown in
Figs. 4(c) and 4(d). The two 3D plots clearly demonstrate that the
PCA can indeed establish correlations between plasma parameters
and the optical emission spectra. Of course, such a

parameterization is best in the center of the set of data points and
deviates toward the edges of the fitted 2D surface. In this measured
dataset, we find the deviation between measured and calculated
plasma parameters to be about +5% for Te and +20% for ne

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 PC1–PC2 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.
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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 PC2 and PC3 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 ne vs electron
temperature Te 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 Te(PC1, PC2, PC3) and
ne(PC1, PC2, PC3). 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 u and v and to establish corre-
lations Te(u, v) and ne(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,

f (u, v) ¼
Xn
i¼0

Xiþj�n

j¼0

ai,j � ui � vj, (10)

with n ¼ 3. The R2 values were 0.978 for PC1(u, v), 0.986 for
PC2(u, v), 0.991 for PC3(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 PCi(u, v) and minimizing the sum of the relative
quadratic deviations of the measured scores PCi of the spectrum

and the calculated scores PCi(u, v) using

X3
i¼1

PCi � PCi(u, v)
PCi

� �2

! min: (11)

The refined u–v values can then be used to obtain Te and ne using
the previously found functions Te(u, v) and ne(u, v). This method
is, however, somewhat reliant on the quality of the parameteriza-
tion PCi(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 Te and
+25% for ne.

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 PC2 and the linear combination of �0:05PC1 þ PC3. 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 Te vs elec-
tron density ne 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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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 ne and electron temperature Te are
shown in Figs. 6(c) and 6(d), respectively. Here, Eq. (9) was applied
with a polynomial order of n ¼ 4, yielding an R2 of 0.980 for ne
and 0.978 for Te. In this mixed gas dataset, we find the deviation
between measured and calculated plasma parameters to be about
+5% for Te and +25% for ne when the edges of the contour

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
PC2–PC3 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 PC1 and PC2 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.
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fitting are avoided. Similar results have been obtained for the other
xenon/krypton gas mixture series based on constant krypton gas
flows of 0.354, 0.147, and 0.108 sccm, which are provided in the
data availability statement. The results strongly suggest that a

similar analysis and the establishment of a surjective mapping of
the PC scores of spectra onto the corresponding plasma parameters
are also possible for datasets taken of xenon/krypton gas mixtures
with constant fractions of xenon and krypton.

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 PC1–PC3 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.
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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

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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