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is essential in order to characterize, design, and optimize such a thruster. Correspond-
ing plasma parameters can be obtained non-invasively from empirical correlations
between the results of Langmuir double probe measurements and optical emission
spectroscopy. The plasma parameters can be extracted solely from the recorded optical
emission spectra once such an empirical correlation is established for a specific experi-
mental setup and various operation conditions. Light from an object plane at a speci-
fied depth within the plasma is focussed onto the projection plane, using a telescopic
arrangement of lenses and an aperture. Despite being out of focus, the grid structure
is still identifiable though slightly blurred. By carefully scanning across this image,
taking spectra at every light spot, we can record a series of optical emission spectra
where each spectrum corresponds to a plasma volume located in the object plane
behind a grid hole. The object plane is a 2D cross section within the bulk of the plasma
at a distance of 5 cm behind the grid. Our approach therefore allows us to monitor

the spatial profiles of plasma parameters in this cross section of the RIT 10 for different
operating points of the thruster. Such spatial profiles are essential for characterizing
thruster performance and improving global modeling of such thrusters. We believe
that this method is also applicable for RITs of other sizes in the context of space
qualification.

Keywords: Optical emission spectroscopy (OES), Principal component analysis (PCA),
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Introduction

Gridded ion thrusters (GITs) are a prominent class of electric propulsion (EP) systems
for space applications. These thrusters utilize a high-voltage grid system to create elec-
trostatic fields that accelerate ions to high velocities, resulting in high specific impulse
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and high mass efficiency [1]. In comparison, other EP devices, such as, for example,
electron cyclotron resonance (ECR) thrusters with a magnetic nozzle or Hall thrusters
[2], may yield higher levels of thrust but require significantly more propellant per thrust
unit [3]. For missions prioritizing mass efficiency, radio-frequency ion thrusters (RITs),
a subset of GITs, enable longer mission durations or greater payload capacities [1, 4, 5].
More satellite and scientific missions intend to use GITs as their main thruster due to
these and other benefits. Therefore, the need for rapid, reliable and non invasive meth-
ods to characterize the thruster plasma has increased [4, 6, 7]. Having detailed informa-
tion about the plasma is key to understanding and optimizing the operation of such an
engine and to predicting its performance [8]. However, measurement approaches that
directly probe the plasma are typically required to obtain key properties such as elec-
tron temperature and ion density. The plasma in RITs is very confined and inaccessible
for measurements using invasive probes such as Langmuir probes. Also, the effects of
the alternating electromagnetic field generating the plasma increases complexity in the
measurement process in the case of RITs specifically [9].

Obtaining spatial information about the plasma is challenging. One approach is to
manually move a Langmuir probe within the plasma. This approach is highly invasive
and poses a significant experimental challenge [10-13]. Another approach that yields
information about the plasma parameters is the analysis of the beam profile. It is easier
to conduct than measurements with invasive probes inside the plasma, but is a rather
indirect measurement [14, 15]. In this work, we present an approach where we measure
the spatial distribution of electron temperature and ion density of the plasma by evaluat-
ing optical emission (OE) spectra using a preestablished bijective empirical correlation
between OE spectra and Langmuir probe measurements. The underlying idea was dis-
cussed and proven previously [16—18]. Once this correlation between the non-invasively
obtained OE data and the invasively measured Langmuir probe data is established, this
measurement approach enables rapid and non-invasive determination of plasma param-
eters. Since this approach relies on light emitted by the plasma, we use a telescopic
arrangement of lenses and an aperture to carefully select the volume inside the plasma
from which the light is originating for our spectroscopic analysis. The work presented
here demonstrates this capability. This measurement scheme provides the possibility of
measuring spatial variations of the plasma inside a RIT non-invasively.

Correlation between plasma parameters and OE spectra

Experimental setup and measurement procedures

A scheme of the experimental setup utilized in this study is illustrated in Fig. 1. The
experiment is composed of two important parts. On the left hand side, the RIT with the
electronics needed to operate the thruster and the Langmuir probe diagnostics mounted
through the gas inlet of the thruster and its source measure unit (SMU) are depicted.
On the right hand side the telescopic lens arrangement and the spectroscopic setup are
depicted. The thruster employed is a RIT-10 type model thruster featuring a cylindrical
discharge chamber with a diameter of 10cm and an extraction system comprising three
grids. Xenon plasma is generated using a radio-frequency generator (RFG) [19, 20] oper-
ating at a frequency of approximately 1.5MHz. No voltages are applied to the grids. The
thruster operates in grounded mode without a neutralizer.



Becker et al. Journal of Electric Propulsion (2025) 4:13 Page 3 of 15

74 vacuum facility ,
Y 7
RFG 0000000 ) o projection
: i grid ltelescoplc aperture plane
:Hsystem s jarray magnifying
gas $ lens movable
) i g e
Langmuir double inlet : Xe H: ~ fiber
probe T s e S S P B hcad}
e r— T S E
: 1 Xo—
I : object H: —_—
plane H: quartz - optical fiber
: 1 glass
(wesue | : i window intermediate

image

plane

PHV

Shamrock 5001

spectrograph | Marana
CCD camera

Source Measure | grid voltages always
Unit (SMU) "~ switched off p
Va 7—

Fig. 1 Schematic representation of the experimental setup for establishing a correlation between Langmuir
probe data and optical emission spectra as well as for spatial mapping. The Langmuir probe consists of a
ceramic tube and two tungsten wires located in the object plane. The image of the tip of the Langmuir
probe in the projection plane is focused onto the input slit of the Shamrock 500i spectrograph. Spectra taken
from the central position analyze light mainly originating from the volume around the tip of the probe. This
is achieved by employing a telescopic arrangement of a camera objective, an aperture in the intermediate
image plane and another lens for focussing light from the image plane onto the fiber facet attached to the
spectrometer. In a correlation measurement, both Langmuir probe measurements and OE measurements
are taken simultaneously for different operating points of the thruster, covering a wide range of operation,
i.e,, combinations of power settings supplied to the radio frequency generator and values of xenon mass
flow. No voltages are applied to the grids. In the mapping measurement, the movable fiber head is moved to
different positions in the projection plane. The blurred out of focus image of the extraction grid system serves
as a reference frame of the spatial positions

Optical emission (OE) spectroscopy measurements are conducted from outside the
vacuum chamber through a window transparent to wavelengths ranging from 200nm
to 1um. Light from the plasma in the object plane is focused onto the facet of an opti-
cal fiber located in the projection plane via a telescopic lens arrangement, which is then
connected to a Shamrock 500i Spectrograph using a Marana CCD Camera as detector.
Each spectrum contains 401 data points, each representing a wavelength and intensity
value within the range of 824 to 876 nm. Each spectrum is accumulated with a total
acquisition time of 50 s.

The Langmuir double probe is inserted into the thruster through the gas inlet to
measure plasma parameters. Our design of the Langmuir double probe follows the
recommendations outlined in the work of Lobbia [21]. The Langmuir double probe
consists of two tungsten wires each with a diameter of 0.3 mm, arranged parallel to
each other and extending 4.5 mm into the plasma. The main ceramic tube, which
houses both wires, is divided towards the end where the two wire ends forming the
tip are located. This results in individual ceramic tubes, one for each wire. The wires
protrude approximately 4 mm out of the ceramic tubes and are separated by a gap of
1.5 mm. This design addresses the issue of metal deposits on the insulating material,
which can occur when operating the probe at high voltages due to sputtering of the
tip material. Such metal deposits on top of the ceramic insulator can lead to short-
circuit currents between the wire ends. In this design, the thick insulator between
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the two metal wire ends enhances the quality of the inserted probe. In our setup,
the instrument operates with voltages sweeping between —60 V to 60 V for up to
200 hours without notable deterioration in measurement quality. The analysis of the
Langmuir data for extracting the plasma parameters, i.e., electron temperature and
electron density will be described in the next section.

The OES of the plasma inside the discharge chamber of the thruster is conducted
as follows. We use a telescope setup to image the entire object plane where the tips of
the Langmuir probe are located into a projection plane outside the vacuum chamber.
The object plane is parallel to the grid plane, but spatially separated by a distance of 5
cm along the thruster axis into the plasma. Nevertheless, the arrangement of the grid
holes is still visible in the projection plane, though blurred as it is not in focus which
defines a spatial reference frame for the spatial mapping of the plasma.

The simultaneous recording of the OE spectra and the Langmuir data at the same
location inside the plasma (correlation measurement), which is necessary to estab-
lish a bijective correlation between the plasma parameters and the intensities of the
optical emission lines, is conducted as follows. The tip of the Langmuir double probe
inserted into the center of the discharge chamber of the mounted thruster via the gas
inlet is illuminated by a laser for alignment. The laser light scattered by the probe tip
is imaged onto the intermediate image plane by the camera objective (f; = 13 cm).
This procedure defines the location of the object plane (highlighted in Fig. 1) where
the plasma parameters will be mapped as described below (mapping measurement).
The intermediate image plane is already located outside the vacuum chamber. An
aperture with an opening diameter of about 1.5 cm is positioned in the intermedi-
ate image plane. This aperture surrounds the demagnified intermediate image of the
objective plane and somewhat suppresses light not coming from the objective plane.
The intermediate image is imaged and magnified onto the projection plane using
a second lens (f; =9 cm). The entry facet of the optical fiber connected to the OE
spectrometer is positioned in this plane. It can be moved to different locations in the
projection plane in order to collect light originating from the corresponding positions
in the object plane. The image of the tip of the Langmuir double probe is in the center
of the projection plane and on the line of sight of the telescope arrangement. The line
of sight points to the probe tip and passes the central hole of the grid system.

For the correlation measurement, the entry facet of the fiber is positioned on the
sharp image of the probe tip, which is overlaid by the blurred image of the central
grid hole. This ensures that in the correlation measurement mainly light from a
small volume around the tip of the Langmuir probe is detected. After completing the
alignment, the thruster is operated in a wide range of operating parameters with no
applied grid voltages. For this purpose, the mass low is varied from 2 to 5.5 sccm
and the RFG power varied from 40 to 120 W. This results in 72 distinct operating
points. At each of these individual operating points defined by a pair of RFG power
and mass flow values, a measurement of a Langmuir voltage-current characteristic
and an OE spectrum are recorded after about 1 hour of thruster operation needed for
the thruster system to reach a state of thermal equilibrium with the vacuum chamber.
The procedure to correlate the data of the two measurements is described in “Princi-
pal component analysis of the OE spectra” section.
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The mapping measurement yields a spatial mapping of the plasma parameters in the
object plane. It can be carried out for a given specific operating point of the thruster
based on the bijective correlation established between OE spectral intensities and
plasma parameters. The blurred image of the grid holes superimposed on the sharp
image of the objective plane in the projective plane serves as a reference coordinate
frame of the in-plane coordinates of the object plane. One OE spectrum is recorded at
each reference point defined by the blurred image of a corresponding grid hole. This is
done by moving the fiber facet to the corresponding position in the projection plane.
The recording of the OE spectra at the reference point for the specific operating point
is carried out after thruster and vacuum chamber have reached thermal equilibrium.
For a reliable mapping, it is of paramount importance that thruster operation is stable
and that none of the components of the optical system is altered, but the position of
the fiber facet. How the spatial distribution of the plasma parameters for the given
operating point is derived on the basis of the spatial map of OE spectra and the bijec-
tive correlation is described in detail in “Spatial distribution of the plasma parameters
in a cylindrical cross section of the RIT-10 discharge vessel” section.

Analysis of the Langmuir double probe measurements

The voltage-current characteristic obtained by a voltage sweep from —60 V to 60 V of
the voltage applied between the wire ends of the Langmuir double probe inserted into
the plasma is analyzed to extract the electron temperature 7. and electron density 7.
[21, 22]. It holds that electron density n. equals to the propellant ion density #; in case
of the RIT 10 at the operating points studied because the singly charged ion species,
i.e., Xe™, dominates. The evaluation procedure is described in more detail in our pre-
vious publications [16—-18] and involves normalizing all current values by the satura-
tion current. Subsequently, the electron temperature is derived from the largest slope
s of the third-order polynomial fit in the vicinity of the origin using

e
T, = .
¢ 2kg - s 1

Finally, the saturation regions of the Langmuir double probe characteristic are fit-
ted with linear fits in the outer regions of the curve. The saturation current /g is then
calculated using the intercept of the polynomial function fitted to the saturation cur-
rent and the linear function through the turning point. This yields the ion density [17]
using:

"= Isat . Mxenon ) (2)
e ‘Aprobe kg - T

The voltages of n; and T, determined for the different operational points are shown in

Fig. 2. Both plasma parameters show the expected trends. For a given mass flow, ion den-
sity and electron temperature increase with increasing power coupled into the plasma.
For a given power, the ion density increases with increasing mass flow, whereas the elec-
tron temperature decreases. It is worth noting that the data pairs of plasma parameters
for all operating points studied are different.
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Principal component analysis of the OE spectra

The optical spectra obtained from the OE measurements contain 401 data pairs of inten-
sity value and wavelength position each. This means that a spectrum can be interpreted
as a single point in a coordinate space with as many dimensions. In particular, in the
case of atomic line spectra, the spectral information is compressed in a small number
of wavelength intervals corresponding to intensity peaks (lines) of dipole-allowed elec-
tronic transitions. Therefore, it usually turns out to be sufficient to establish a bijective
correlation between the intensity characteristics of these lines in the OE spectra and the
plasma parameters extracted from the Langmuir probe data. In our case, we restrict our-
selves to the analysis of the three optical transitions emitted at center wavelengths of
828.01, 834.68 and 840.92 nm in air, i.e., this approach essentially allows us to reduce the
401-dimensional coordinate space to 3 dimensions. All three lines correspond to transi-
tions of the neutral xenon atom [23, 24]

Jg28.01 : 5p° (2P3/2) 6p[1/2]y — 5p° (21)3/2) 6s[3/2]}
J834.68  5p° (2P1/2) 6p[3/2], — 5p° (zpl/z) 6s[1/2]} (3)

84092 : 5p° (2P3/2) 6p[3/2], — 5p° (2P3/2) 65 [3/2]5.

The spectrum of the plasma emission also reveals lines corresponding to optical
transitions of singly ionized xenon, but these are much weaker and not considered
in our analysis. For further evaluation, each spectrum is background corrected and
area-normalized to its total intensity. The normalization contributes to the stabil-
ity of the data analysis, in the sense that, in this case, only relative intensity changes
between the three emission lines play a role in establishing the correlation between
the OE spectra and the plasma parameters for the different operating points. Further-
more, it makes the analysis less prone to intensity changes originating, for example,
from unintended movement of equipment or staining of the optical window during
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testing. On the other hand, it sacrifices somewhat obvious properties of the spectra,
e.g., increased overall intensity with increasing excitation power or increasing propel-
lant mass flow.

For each area-normalized OE spectrum, the intensity peaks of the three chosen
optical transitions are fitted to a Voigt function in order to determine the peak areas
as a measure of their relative intensity. All the analyzed peaks exhibit a full-width
at half-maximum of approximately 0.6 nm given by the spectral resolution of the
spectrometer used. Each OE spectrum is now reduced to three intensity values, i.e.,
described by a coordinate vector with three components. This procedure produces
the dataset used in the principal component analysis (PCA). Therefore, the spectrum
measured for a specific set of operating parameters of the thruster is represented by a
single point in the three-dimensional coordinate system where the axes correspond to
the relative intensity values of the three transitions. We denote the vector of coordi-
nates corresponding to a spectrum as ?

A PCA essentially conducts a rotation of this 3-dimensional coordinate system such
that the new 3-dimensional coordinate system is based on the eigenvectors of the covari-
ance matrix of the set of coordinate vectors {?} The covariance matrix is a 3 x 3

matrix. Its eigenvectors, the new coordinates, are the so called principal components
(PC;) [25] and they are ordered with descending weight of the total variance, i.e., PC has
the highest variance, PCy the second highest variance etc. The spectrum which was pre-
viously represented by the three-dimensional vector K containing the relative intensities
of the three chosen optical transitions can be written as a linear combination of the three
PC;, thus, is now represented by the corresponding set of scores 4; given by

- — — — —
S =(8)+ aPCy 4+ ayPCy + asPCs
—— —— ~——

~85% variance = ~13% variance = ~2% variance

(4)

It turns out that the representation of the spectra by pairs of scores (a;,a;) of
any of the three combinations of PCs does not allow a full separation of the spec-
tra in a 2D plane. However, such a full separation can be achieved by using two new
coordinates Xyot and Yiot given as linear combinations of the three eigenvectors

PC<spanclass:’convertEmiash’> 1-3</span> aCCOfding to

Xrot = 0.35-PC1 — 0.94 - PC240-PC3
Yiot = —0.45-PC1 —0.17 - PC2 — 0.88 - PC3 ®)

to span the 2D plane. The multiplicative factors given in Eq. 2.3 are rounded to the sec-
ond decimal place.

The landscapes of the electron temperature and ion (electron) density of the 72 dif-
ferent operating points as a function of the new coordinates X;or and Yyt are given in
Fig. 3. In both cases, an equidistant 20 x 20 mesh is generated covering the 2D dataset
of the 72 data points (X;ot, Yrot) of the 72 distinct operating points. Based on this mesh
a Renka-Cline interpolation for electron temperature and ion density is conducted.
The interpolated plasma parameters T, (Xyot, Yrot) and #;(Xiot, Yrot) on the equidis-
tant 2D mesh are then each fitted to a 5th degree 2D polynomial function in order to
parameterize the surfaces of the two landscapes. The results are depicted in Fig. 4a, b.
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The deviation between the original data for both, the electron temperature and ion
density, and the corresponding values calculated using the fitted function are plotted
in Fig. 4c, d. The absolute values of the average deviation (largest deviation) from the
experimental data are 0.3 eV (8.3%) and 0.47 - 10!/ # (21.1%) for electron tempera-
ture and ion density, respectively. The largest deviations for the ion density is notably
higher in the edge regions of the fitted area. Nevertheless, the data remains well-rep-
resented, particularly given the uncertainties inherent in measuring plasma param-
eters with Langmuir probes. Furthermore, the analysis of the spatial dependence of
the plasma parameters primarily requires a good agreement on the central region of
the parameter space (see also the discussion of Fig. 5b below).

The parameterizations T, (Xyot, Yrot) and 7; (Xyot, Yrot) are the outcome of the correla-
tion measurement representing the bijective correlation between the OE spectra and the
plasma parameters. These two parameterizations of the plasma parameters will be the
basis for the analysis of their spatial distribution in a cross section of the cylindrical ves-
sel parallel to the grid system of at a depth of about 5 cm for a specific operation point of
the RIT (mapping measurement) described in the next section.

Spatial distribution of the plasma parameters in a cylindrical cross section

of the RIT-10 discharge vessel

Extraction of spatial distributions of plasma parameters from OE mappings

We conducted mapping measurements for three different operating points of the
thruster. The RFG excitation power at all three operating points was 80 W corre-
sponding to an intermediate power in terms of the power variation used in the cor-
relation measurement. The three operating points differed in terms of mass flow used,
i.e,, 3,4, and 5 sccm. However, all three mass flow values are again in the intermediate
range of the mass flow variation used in the correlation measurement. As described
in “Experimental setup and measurement procedures” section, the weak and blurred
(out of focus) image of the grid system superimposed on the focussed projection
image of the object plane serves as spatial reference coordinate frame where the
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(Xrot, Yrot) Of the correlation measurement. Only the coordinate pairs of the mapping measurement that
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sites of the 241 grid holes define the spatial locations in the object plane. A mapping
measurement for a specific operating point comprises 241 OE spectra. Thus, for the
three operating points, 743 OE spectra have to be analyzed following the procedure
described above (“Principal component analysis of the OE spectra” section). Each
spectrum of three mappings is background corrected and area normalized, prior to
extracting the relative line intensities at center wavelengths of 828.01, 834.68l, and
840.92 nm by fitting and to yielding a corresponding 3-dimensional vector of coor-
dinates S . The scores of each S’ with respect to the PCs of the reference data set

derived by the correlation measurements is calculated as follows
— (=, =
G- (' -15)) =4, (6)

The scores can be used to calculate the coordinate pair (X],, Y/,;) and derive from
those the local plasma parameters using the parameterization functions of the plasma
)and n; (X0 Yiop)-

First, we will discuss the reliability and reproducibility of the score or coordinate

parameter landscapes as Te (X[op Y/o
pair determination when moving the fiber facet between reference positions in the
projection plane. Corresponding results are shown in Fig. 5. Figure 5a shows the
coordinate pairs (Xyot, Yrot) based on the scores of the correlation OES measurements
conducted for the 72 different operating points of the thruster. The scores used are
based on the PCA of the OE spectra taken at the central position of the reference
frame which corresponds to the center hole position in the superimposed blurred
image of the grid system. The shaded blue area indicates the 2D range of coordinate
pairs (Xiot, Yrot) Where the parameterization of the plasma parameters based on the
reference measurements holds. The coloured symbols in the graph, on the other

hand, correspond to coordinate pairs (X}, Y/,) derived for the OE spectra taken at

rot’ * rot
the center of the reference frame in the three mapping measurements (80 W RFG
power and 3, 4, and 5 sccm mass, respectively). The calculation of these coordinate
pairs is based on Eq. (6). The circles in the graph surround the symbols of the coor-
dinate pairs (X;ot, Yrot) taken at the same position of the reference frame for the same
operational points, the black ones correspond to the correlation measurement and
the coloured ones to the mapping measurements. It should be noted that the correla-
tion measurement and the mapping measurements have been performed on different
days. Furthermore, the operating point as well as the position of the fiber facet has
been altered between measurements. The very good agreement between the coordi-
nate pairs derived from OE spectra taken in the different measurements reflects the
stability of the experimental set up and the repeatability of the data acquisition pro-
cess, which is essential for the validity of our measurement approach.
Y/

rot

Figure 5b shows the coordinates (X’

tot» Yio) of all the OE spectra recorded across

the grid in the three mapping measurements for the three different operating points.
The coordinates (X/,, Y},

tot» Yio) are again determined by Eq. (6). Almost all coordinates lie

in the shaded blue area indicating the 2D range of coordinate pairs (Xyot, Yrot) of the

correlation measurement. A few coordinate pairs (X’ Y] ) belonging to OE spectra

rot’ ~rot

of the mappings taken at the edges of the grid lie outside the shaded area. Those data
points are not shown and discarded in the spatial analysis of the plasma parameters
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as they lie outside the range where the parameterization of the plasma parameters
deduced from the correlation measurement is valid. Furthermore, the coordinates
( ot Yr’ot) of each mapping form a cloud of data points and the three clouds indicated
by the three colours are shifted with respect to each other.

Spatial mappings of the plasma parameters

The results of the 2D spatial analysis of the plasma parameters are depicted in Fig. 6 for
the three selected operating points. The electron temperatures (graphs (a) to (c)) vary
between about 2.6 eV and 3.5 eV over all three operating points. The average electron
temperature decreases with increasing mass flow. At each operating point, the lowest
electron temperature of the cross section is located in the center of the plasma with the
electron temperature increasing towards the wall of the discharge chamber. This find-
ing is expected as the energy coupling into the plasma occurs via the RF-coil surround-
ing the discharge chamber. Thus, the energy coupling is the more efficient the closer
the local plasma volume is to the coil windings. This general trend is to be expected for
RITs, but has not been measured this detailed before. The precise values and local vari-
ations as shown in Fig. 6a to ¢, when compared with simulations, will provide valuable
insight in the thermal properties of the plasma and will be useful for further optimiza-
tion of the thruster. Furthermore, we also observe clear and consistent trends for the
spatial ion density profiles in Fig. 6d to f. The ion density varies over the three operating
points between 0.6 - 1017 and 2 - 10'’m™3, At the two operating points with lower pro-

pellant mass flow (Fig. 6e to f) the ion density essentially increases in the radial direction

Electron ternperature T, (cv) |
PRFG=80Wf°ra" 260 264 269 273 277 281 286 290 2.94 299 3.03 3.07 3.11 3.16 3.20 3.24 3.29 3.33 3.37 341 346 3.50
10 T T T

— T T T 1 ——T T T

(a)_ . »QXE‘= 4 scem’ i (b)_

T ——T— T
. Qy, =5 sccm Qy, = 3 scem (c)

6}

4k

Row number of the grid
o

-8+

ol
0 2 4 6 8 10 12 14 16 1
lon density n; (1E17 m™®)

3 . . ;
; Prrg =80 W for al 065 073 087 090 099 107 116 126 133 141, 149 158 166 175 183 182 200

T T T 1 T T T T

s Qe =4 sccm (e)

[ Qye = 3 sccm ]

L (Y P N A =Y 4
®

Row number of the grid
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Column number of the grid Column number of the grid Column number of the grid

Fig. 6 2D spatially resolved maps of the plasma parameters in a cylindrical cross section of the RIT 10. a-c
Electron temperature T, and (d-f) ion density n; for a radio-frequency power of 80 W and xenon mass flows of
5,4, and 3 sccm. Each map shows as an overlay the front view of the 241 grid holes of the RIT 10 type model
thruster, with grid hole positions marked as light gray circles. The overlay serves as a spatial reference frame of
the cross section
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towards the center of the cross section. However, at the highest mass flow (Fig. 6d), the
behaviour of the spatial ion density in the 2D cross section is somewhat different. It
seems that a ring of high ion density is surrounding the center which exhibits a lower
ion density. A very similar observation has previously been made in 3D particle-in-cell
simulations of RITs [26—28] and in spatially resolved Langmuir probe measurements via
the grid of a RIT-like ion source [10].

In addition, we observe a density hotspot in the plasma in the spatial ion density pro-
files which is consistently visible in at all three operating points. It is centered in the
second row and sixth column of the reference grid. At this location, the ion density is
locally increased by approximately 25 %. We believe that the local maximum in ion den-
sity may be caused by the fraction of the RF-coil wound around the discharge chamber
closest to the 2D cross-section of the plasma in the object plane imaged by the tele-
scopic lens arrangement used in the mapping measurement. Identifying such hotspots
or other anomalies within the ion density of the plasma is possible in our measurements
because of the high spatial resolution achievable in the OES mapping measurement.
Such findings will be very helpful in characterizing thrusters and identifying possible
failure mechanisms. Understanding the origin of such localized variations in the spa-
tially resolved plasma parameters, will contribute to optimizing thruster performance
and life time.

A subset of data is plotted for both electron temperature and ion density as a function
of spatial position in Fig. 7a, b. The data are those along the central row of the refer-
ence frame. These plots give an alternative presentation of the quantitative changes of
the plasma parameters between the three operating points. Furthermore, the graphs of
Fig. 7c-d show waterfall-like plots of the corresponding background-corrected and area-
normalized OE spectra acquired along the central row of the reference frame. The series
of spectra exhibit only subtle differences as a function of positions across the reference
frame which are challenging to assess by the naked eye, but, as demonstrated, can be
reliably picked up by the PCA based approach presented in this work.

Conclusion and outlook

In summary, we propose a PCA-based approach of using OE spectroscopy for a
non-invasive determination of the spatial distribution of plasma parameters inside
an operating RIT 10. It turns out to be a powerful for plasma characterization pro-
vided that a reliable reference data set is available and a bijective empirical correlation
between OE spectra and plasma parameters extracted from Langmuir probe meas-
urements has been established. The ability to precisely measure spatial distributions
of plasma parameters enables further optimization of ion thruster performance and
design. In particular, the discovery of local hotspots and density anomalies within the
plasma provides valuable insights critical for understanding and improving thruster
lifetime and efficiency. Such spatial distributions of plasma parameters are otherwise
difficult to obtain experimentally, in particular, in the case of gridded ion thrusters
where the plasma fully surrounded by thruster components, i.e., discharge vessel
and extraction grid system. In general, our PCA-based approach founded on optical

emission spectroscopy is very useful in measuring properties of plasma parameters
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all measurements and the mass flow of xenon is varied between 5, 4 and 3 sccm. The graphs present the
variation of plasma parameters across the central, horizontal row of the reference frame given by the grid
holes. ¢, d Waterfall-plots of the background-corrected and area-normalized OE spectra along the central
horizontal row of the reference frame derived by mapping measurements at the three operating points
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which are otherwise difficult to assess. For example, in addition to spatially resolved
measurements of plasma parameters of RITs, it should also be possible to monitor the
temporal behaviour of the plasma parameters during periodic cycles of the plasma
excitation by performing time-resolved optical emission spectroscopic measurements
[17]. Therefore, we believe that our approach after further refinement will provide a
new plasma diagnostic tool which may even be used for characterizing flight mod-
els of thrusters. It will enable a monitoring of the plasma parameters in RITs as well
as other thruster types with a high spatial and temporal resolution and reveal fur-
ther correlations between plasma parameters and thruster designs which are essential
for validating plasma simulation models of thrusters and enhancing their predictive
power.
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