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This work presents the development of a method for non-invasively determining plasma
parameters inside the discharge chamber of an ion thruster. Such measurements should
yield valuable information during development and qualification of ion thrusters such as
the 5kW class of RITs. In conjunction with appropriate modeling, it may significantly
contribute to shorter test cycles during thruster qualification as well as improvements in
performance and lifetime. In our approach we measure the optical emission spectrum
and the plasma parameters simultaneously. The plasma parameters can be empirically
correlated with emission line ratios. In the future, these correlations will be applied to real
thrusters to determine its plasma parameters truly non-invasive.

Nomenclature
P = pressure
Te = electron temperature
Ne = electron density
JIp = jon flux
T; = ion temperature
N; = ion density
Ty = neutral gas temperature
Ny = neutral gas density
T = ambient temperature
N = total gas density
m = mass flow
Lg = Debye length
ILgat = saturation current
A, = probe surface area
Mion = lON mMass
U = voltage
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I. Introduction

A radio-frequency ion thruster (RIT) is operated by accelerating ions extracted from a plasma. The
plasma burns inside the thruster’s discharge chamber and is generated by a surrounding RF-coil'. Lifetime
and performance strongly depend on the mode of operation, since it affects the characteristic parameters
of the plasma. In a RIT, the lifetime-limiting part is the extraction grid system. It degrades during oper-
ation due to sputtering mostly induced by charge exchange?. A mass efficient operation can reduce charge
exchange due to a lower neutral gas density, but the resulting increase in electron temperature may cause
sputtering of the screen grid by the ions in the plasma due to the increased sheath potential®>. The plasma
parameters in conjunction with the grid voltages affect the function as ion optics of a grid system of defined
geometry and dimensions. Thus, an exact knowledge of the plasma parameters at defined operational points
of the thruster will help to optimize the grid system and to extend the thruster’s lifetime.

The characteristic parameters of the plasma burning inside an operating thruster are difficult to assess with-
out affecting the plasma itself. For example, Langmuir probes need to be inserted into the plasma during
measurement. Corresponding openings are typically not available on thrusters in flight configuration. Fur-
thermore, it is likely that the probe affects the thruster’s operation.

Non-intrusive measurements using e.g. Faraday probes, retarding potential analyzers or E¥ x B-probes can
be used outside the thruster in the analysis of the ion beam, but only indirectly yield information about the
plasma parameters inside the thruster?. A promising way of non-invasively probing the plasma provides op-
tical emission spectroscopy. However, the optical line spectra obtained need to be correlated with the plasma
parameters. This usually requires a thorough theoretical modeling of the intensities of the optical transitions
between the electronic states of ions and neutrals within the plasma. Corresponding models exist e.g. for
argon® and xenon®”. Alternative propellants to xenon such as iodine or krypton are of major interest®?,
so a novel theoretical model needs to be established for each propellant. In particular, in case of molecular
propellants such as iodine I, these models quickly become very sophisticated and require a number of mi-
croscopic parameters which have not been determined to date. This challenge can be overcome by making
use of empirical correlations between optical emission spectra and plasma parameters. For this purpose
we establish a data base correlating experimental spectra determined by optical emission spectroscopy and
plasma parameters determined by Langmuir measurements of the same plasma.

These correlations will be used to obtain a thruster’s plasma parameters only by recording its optical emission
spectrum with no need for intrusive measurements. This may help gaining further insight into the internal
processes within the thruster and further improving its lifetime and performance.

The experimental details are described in sectionII. Here, the Langmuir and optical emission spectrum
measurement as well as the methods of correlating the two measurements are explained. The resulting
correlations and a discussion of these are given in sectionIII. The paper is concluded in section IV, where
the method is rated and an outlook on future work is given.

II. Experimental Details

The experimental setup used is shown in Fig. 1. For the experiments, a cubic vacuum chamber with 23 cm
inner edge length is used. The plasma is generated inductively by a cylindrical RF-coil (13 cm length, 8.4 cm
diameter). The coil is located inside a Faraday cage that serves as a boundary for the plasma. Since the
coil resides inside the cage in close contact with the plasma, the setup is different from a typical RIT. The
cage can be switched between floating and grounded operation from the outside. The vertical position of
the cage can be adjusted from the outside with a rotary feedthrough which is connected to the Faraday cage
holders by a threaded rod. The process gas is inserted into the chamber through a tube, that ends near the
Faraday cage. To achieve pressures comparable to the pressures in a RIT’s discharge chamber (p = 0.1 Pa),
the turbo molecular pump’s pumping speed is reduced by an aperture with 15 mm diameter. The pressure is
measured using a gas independent capacitive pressure probe (Leybold CERAVAC CTR 101 N). The process
gases used were xenon and krypton.

A. Langmuir Setup

The setup for the Langmuir measurements is schematically shown on the left of Fig. 1. In this setup, a com-
mercially available Impedans Langmuir double probe with built-in RF-filtering was used. Previous tests with
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Figure 1. Setup of the experiment to correlate plasma parameters measured with a Langmuir probe and the
plasma’s optical emission spectrum.

a single probe were unsuccessful, since the electron saturation region could not be measured. It is assumed
that by removing the electrons from the plasma, the plasma got unstable and changed properties during the
measurement which caused the failure of the single probe measurement. With the double probe, no distur-
bances of the plasma were observed. However, the double probe assumes a Maxwell-Boltzmann distribution
of the electron energies inside the plasma. In other works, it has been shown that the electron energy dis-
tributions in inductively generated plasmas may deviate from a Maxwell-Boltzmann distribution'®'!. This
means that the measured parameters are affected by a systematical error. However, in case of the typical
plasma conditions inside RITs the Maxwell-Boltzmann distribution is a good approximation. It only over-
estimates the electron density of the higher energies. The possible deviation does not affect the outcome of
our approach.

The probe is inserted into the Faraday cage from above through a circular opening with twice the diameter
of the probe shaft. To seal the remaining opening in the cage’s top cap, a washer with an inner diameter
only slightly larger than the probe’s diameter is used. The probe is located on the RF-coil’s axis and there-
fore measures the plasma parameters in the center of the plasma. An example Langmuir measurement is
shown in Fig.2. A plasma is fully described by the following six parameters electron temperature T, and
density N, ion temperature 7T; and density NV; and neutral gas temperature T,, and density N,. Due to the
quasi-neutrality of the plasma, electron and ion density are about equal, i.e. N, = Ni. The RF-plasma in
a RIT is a low temperature plasma, thus, the ion temperature is similar to the neutral gas temperature,
i.e. T} =~ Ty, which is assumed to be comparable with the temperature of the discharge chamber T of the
operating thruster. The total gas density IV inside the discharge vessel can be assessed from the mass flow
1 for a specific thruster configuration. Due to a low ionization degree, it can be assumed that the total gas
density is equal to the neutral gas density, i.e. N = N, and therefore the value of the latter is known. The
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Figure 2. An example of the measured Langmuir Ul-characteristics of xenon and krypton at the same pressure.
The corresponding sheath expansion corrected curves are shown, too.

plasma parameters that remain unknown are therefore only the electron temperature T, and the ion density
N;. The assumptions are summarized in Eq. 1-4.

p, T or m,calculation — N, (1)
T — T, = T; (low temperature plasma) (2)

Langmuir — N; = N, (neutrality condition) (3)

Langmuir — T (4)

The parameters determined with the Langmuir double probe are electron temperature T, ion flux to the
probe Jp,, ion density Nj, plasma Debye length Lq and saturation current Ig,, which the Langmuir probe’s
software automatically extracts from the voltage-current-characteristic. I, is obtained from the sheath
expansion corrected U-I-characteristics directly. T is calculated from the slope at U = 0 as shown in Eq. 5.
Jp and NV; are derived from the already determined parameters and the probe surface area A, using Eq.6
and Eq. 7, respectively. Lq is calculated from T, and NV; using Eq. 8 afterwards.
Thus, the equational parameters of the setup, such as gas pressure p and temperature of the discharge
chamber T}, and the Langmuir parameters yield the full set of plasma parameters in conjunction with the
assumptions made about the plasma regime.
-1
) 6
U=0

T, = (% . iarctanh (ICOHCCM(U))

e dU Lot
Tp= ©)
N = f;:; @ (7)
L= UL ®
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Figure 3. An example of the measured spectra of xenon and krypton at the same pressure. The emission lines
that are correlated later are marked with the same symbols.

B. Optical Emission Spectroscopy Setup

The measurement setup for the optical spectroscopy is schematically shown on the right of Fig. 1. To ensure
that all wavelengths are equally focused on the tip of the fiber, an achromatic lens is used. The spectrometer
used was an Ocean Optics HR2000+ with a wavelength range from 200nm to 1100 nm. With the glass
window, the lens and the fiber, the system response was determined by placing a tungsten halogen lamp of
known spectrum at the position of the Faraday cage. The resulting wavelength dependent response correction
function for the setup shows a steep increase at wavelengths below 400 nm. Also, the factor for wavelengths
above about 1000 nm reaches 100 and increases further. This results in a high uncertainty for lines originally
measured with low intensity in these regions. Therefore only a limited part of a spectrum from 400 to
1000 nm is used for the evaluation. Example spectra of xenon and krypton are shown in Fig. 3.

Once a series of measurements is acquired, a software runs all the corrections and identifies the lines in the
spectra, yielding a list of wavelength and intensity data pairs.

C. Correlations

To obtain knowledge about the correlations between optical emission spectra and plasma parameters, two
different algorithms were used.

Both algorithms reference a line at a certain wavelength to another line by dividing the peak intensity with
the reference peak intensity. Doing this for a full series of measurements where the plasma parameters were
varied systematically, the resulting ratios are used as y-axis values for the subsequent fit. We used two
different approaches for generating x-axis values based on the measured plasma parameters.

The first algorithm generates the x-axis for the fit by multiplication of all measured plasma parameters,
each with an exponent varying from -2 to 2 in 0.5 steps. The algorithm then iterates through all possible
combinations of line ratios and exponents. Each x-y-data set is fitted with a 5th order polynomial.

The second algorithm treats each plasma parameter as a separate dimension’s x-axis. The algorithm then
iterates through all possible line ratios and fits each data set with a higher dimensional polynomial up to
3rd order.

The fits with the highest resulting R? values are identified by the software as a starting point for manual
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Figure 4. A selection of found correlations for xenon.

identification and verification of possible correlations.

Primarily, we need to find correlations which yield 7, and N; when we want to replace the Langmuir probe.
However, it is good to have correlations which also yield T}, and N, as these parameters need to be estimated
in a thruster otherwise.

ITI. Results and Discussion

Several correlations were found using the methods described above. Especially the ion density and the
mass flow have a high and simple influence on most line ratios for both xenon and krypton. The notation
used later (e.g. 796.7/826.7) means peak intensity of the emission line at 796.7nm divided by the peak
intensity of the reference emission line at 826.7 nm.

Some of the correlations found for xenon are shown in Fig.4. The 796.7/826.7 intensity ratio shown in
Fig.4a) has a linear correlation to the ratio of ion density over electron temperature. Karabadzhak found
correlations of the line ratios 834.7/828.0 and 823.2/828.0 to the electron temperature using a collisional-
radiative model for xenon plasma in Hall thrusters’”. However, we could not verify these correlations in our
experiments. From the two mentioned intensity ratios a correlation was found only for 823.2/828.0 to the ion
density. The reciprocal correlation shown in Fig.4b) is exponentially decreasing. The 461.2/480.7 intensity
ratio shown in Fig.4c) has a mostly linear correlation to the ion density. The residual deviations of the
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Table 1. Energy levels for the xenon wavelengths used for the found correlations

12

wavelength, upper level lower level
nm configuration  term total angular configuration  ter total angular
momentum momentum
1612 | 5p°(P,) T 23/ 1 P°(CPg))6s  2[3/2)° 2
480.7 5( 00)T 2[1/2) 0 5( 9,)6s  2[3/2]° 1
484.3 5(2 2)7p 2[3/2] 2 5(2 2)65 2[3/2]" 1
796.7 5p°(PPg),)7p *[3/2 1 5p°(PPy)y)6s  *[1/2]° 0
823.2 r(2 2)6p 2[3/2] 2 5(2 2)65 2[3/2]0 2
826.7 5(2 2)6p 2[1/2] 1 r(2 2)65 2[1/2]0 1
828.0 (2 )6p 2[1/2] 0 (2 )65 2[3/2]0 1
Table 2. Energy levels for the krypton wavelengths used for the found correlations!3.
wavelength, upper level lower level
nm configuration term total angular configuration term total angular
momentum momentum
583.3 4Py, Td 2[7/2)° 4 4Py )5p  *[5/2) 3
760.2 5(2P 2)510 2[3/2] 2 5(2P 2)53 2[3/2]0 2
819.0 4p°(*Pg)y)5p  *[3/2] 2 4p°(*Pg)y)5s  ?[3/2)° 1
826.3 Ap°(PPy)y)5p  ?[3/2] 2 Ap°(PPyy)5s  *[1/2]° 1
829.8 5(2 2)5p 2[3/2] 1 5(2 2)55 2[3/2]0 1
8029 | 4Py 2[1/2) 1 P (Pg,)5s  2[3/2)° 2

data disappear, when the mass flow is used as a third dimension’s axis. The result is a surface that can be
described well by a three-dimensional polynomial of first order. Another linear correlation results for the
intensity ratio 461.2/484.3 as a function of the ion density over the square root of the mass flow as shown in
Fig.4d). The corresponding energy level transitions to the stated wavelengths are listed in Table 112

Some of the krypton correlations found are depicted in Fig. 5. It was found, that the line ratio 819.0/583.3
increases exponentially with the product of mass flow and ion density as shown in Fig.5a). The line ratio
819.0/892.9 on the other hand decreases exponentially with the ratio of Debye length over mass flow, which
can be seen in Fig.5b). The Debye length is directly dependent on the square root of the ratio of electron
temperature over ion density as described by Eq. 8. Another exponentially decreasing correlation is shown in
Fig.5c¢). Here, the line ratio 826.3/829.8 is correlated with the product of mass flow, electron temperature
and ion density. For the line ratio 760.2/829.8 shown in Fig.5d), an increasing trend was found for a rising
electron temperature. However, the data points are widely scattered, so another parameter might be of
importance here. This trend alone is not usable to determine the electron temperature. The corresponding
energy level transitions to the stated wavelengths are listed in Table 2'3.

Already with these correlations, all plasma parameters, in particular T, and N;, can be obtained by
measuring an optical emission spectrum. Even if some correlations only yield a value that is dependent on
multiple parameters, the parameters can be derived by solving a system of corresponding equations. As an
example, from Fig. 4 a) the ratio of can be obtained from a measured intensity ratio of the xenon emission
lines at 796.7nm and 826.7 nm. By obtaining V; from the intensity ratio of the xenon emission lines at
828.0nm and 823.2nm and the correlation shown in Fig.4b), T, can be calculated. By using the mass flow,
also the correlations shown in Fig.4c¢) and Fig.4d) can be utilized to obtain N;. However, the mass flow
needs to be linked to the neutral gas density for every new thruster system studied.
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Figure 5. A selection of found correlations for krypton.

Further investigations of the correlations shown in Fig. 4 and Fig. 5 are necessary to show the underlying

processes and find the correlations’ origins. Deviations from the stated linear or exponential behavior may
have several reasons. First, it is possible that certain parameters have smaller or larger impacts than stated.
Another reason is, that a small influence of an additional parameter is neglected. This can be seen e.g. for
the line ratio 461.2/480.7 in Fig.4c), where a small influence of the mass flow is not included in the graph.
Fluctuations of the emitted light were observed sometimes, that affect the measured spectrum. These
fluctuations are an indicator for plasma instabilities, that might also alter the plasma parameters measured
with the Langmuir probe. For the Langmuir measurement a deviation from the expected trend can be
detected during the measurement most of the times, so the scan can be repeated once the plasma is stable
again. The spectrum however is recorded over a longer time (up to 1.5 minutes for low intensities), so
fluctuations are hard to detect this way.
It may also be possible, that the plasma was contaminated by the evaporation of e.g. the isolation of a hot
cable. This contamination might have deposited on the Langmuir probe and the glass window, which affected
the resulting parameters and measured spectrum. This problem was present especially in the measurements
with krypton, where the background pressure drastically changed up to a factor of 1.7 (<1.2 for xenon)
depending on the input power at the same mass flow.
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IV. Conclusion and next steps

Our approach for determining plasma parameters via empirical correlations from emission spectra seems

viable. Our results show that enough correlations between plasma parameters and certain emission line
ratios exist for both xenon as well as krypton to be able to extract the plasma parameters from the optical
emission spectra based on the empirical relationships found.
However, instabilities in the plasma sometimes caused fluctuations and smaller arcs, that result in uncer-
tainties in the optical emission spectrum. Similarly, an unstable plasma affects the Langmuir measurements.
Contamination of the plasma and the Langmuir probe are also issues that need to be reduced in order to
obtain more reliable measurements.

Next, we will identify the underlying processes of energy level transitions to get a deeper understanding
of the correlations’ origins and further validate the applicability of our approach.
Also a reliable approach to measure the electron energy distribution has to be found. Therefore the setup
will be reworked, so the Langmuir single probe can be operated correctly. With the reworked setup we aim
for a plasma with higher stability, so the measured plasma parameters as well as the optical spectrum can
be recorded with much less disturbances.
Once the current issues with the setup are solved, the measurements will be performed again to achieve
more reliable results. The found correlations will then be applied to real thrusters to determine the internal
plasma parameters and open the way for further optimization of performance and lifetime.
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