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Abstract. The VKI DRAG-ON facility was designed to replicate Very
Low Earth Orbit flow conditions, to study Air-Breathing Electric Propul-
sion intakes and gas-surface interaction physics. Its Particle Flow Gener-
ator produces a low-density, low-temperature argon plasma plume. This
study investigates the flow’s thermochemical non-equilibrium by com-
paring synthetic spectra from Collisional-Radiative modeling to Optical
Emission Spectroscopy measurements. A Lagrangian reactor approach
is used to account for the reacting species advection. Model-experiment
comparisons reveal potential for plasma diagnostics and suggest targeted
chemical model refinements. The results also show how the assumed Elec-
tron Energy Distribution Function shape can affect the diagnostics.
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1 Introduction

The VKI DRAG-ON facility, commissioned in 2023, was designed to replicate the
Very Low Earth Orbit (VLEO) flow conditions to study Air-Breathing Electric
Propulsion (ABEP) |1] intakes and gas-surface interaction physics [7]. It operates
in free molecular flow conditions, at pressures of the order of 10~° mbar, using
a LTA-100 Particle Flow Generator (PFG) from ThrustMe [12] to generate a
partially ionized argon or oxygen plume with ion speeds of 6-10 km/s.

Since ion beams interact with walls through sheath potentials, as opposed
to the mostly neutral flow at VLEQO, corrections for wall effects require knowl-
edge of the electron temperature and density. Characterizing these parameters is
therefore essential for extrapolation to flight conditions. Optical Emission Spec-
troscopy (OES) is of particular interest for its simple setup and non-invasive na-
ture. It provides line-of-sight (LoS) integrated emission intensities, which can be
used to infer plasma parameters such as electron temperature and density [2}[9].
Their relation to the emission line intensities is established through a Collisional-
Radiative (CR) model, describing the chemical reactions and radiative processes.
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Fig. 1. Schematic experimental setup top view (left) and front view (right)

The CR model depends on the Electron Energy Distribution Function (EEDF)
shape, which is often assumed to be Maxwellian. Other EEDF shapes can how-
ever be appropriate in some cases, including low-density plasmas [5}/6].

CR models are usually applied in a 0-D, Quasi-Steady-State (QSS) approach.
However, for flows where chemical and flow timescales are comparable, the advec-
tion of the reacting species should be considered. A Lagrangian reactor approach
provides an efficient alternative to a full low-chemistry coupling, by transport-
ing a thermochemical reactor along pre-computed streamlines without detailed
chemistry, then recomputing the gas composition at each position [3].

In this study, we aim to advance the understanding of the non-equilibrium
plasma dynamics in the VKI DRAG-ON facility by comparing spatially resolved
OES measurements to predictions from a spatially resolved CR model using a
Lagrangian reactor approach, for the PFG running with argon gas. We aim to
identify the key factors influencing the model results and discrepancies with the
experiment, such as electron temperature and density at the outlet of the PFG
and the EEDF shape. In Sect. [2| we detail the experimental setup and OES data
processing, in Sect. [3| we describe the modeling approach, and finally in Sect. [4]
we compare results to assess model sensitivity and fidelity.

2 Optical Emission Spectroscopy

The DRAG-ON facility consists of two vacuum chambers linked by a duct that
serves as test section for ABEP intake systems. Each chamber is equipped with
a rotary vane mechanical pump and a turbomolecular pump, achieving an ulti-
mate pressure of 1078 mbar (when no gas is fed to the PFG). Each chamber is
instrumented with hot-cathode and cold-cathode pressure gauges, and the main
chamber has side windows for optical access. The PFG is aligned with the cen-
ter axis of the main chamber (0.9 m length, 0.61 m diameter), and operated
at 3 sccm argon flow, 60 W RF-power, 1 A focusing coil current, and floating
electrode bias. During operation, the chamber pressure was 2.7x10~° mbar.
Fig.[l]shows the OES setup. The light emitted by the plasma is collected with
a 12 mm reflective collimator (RC12SMA-PO01, ThorLabs) mounted on a 2-D
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Fig. 2. Typical argon spectrum, at x = Fig. 3. Vertical intensity profiles (LoS
14 mm and z = 0 mm integrated) for the line at 811 nm

motorized motion stage with 0.03 mm positioning accuracy. A 1 m optical fiber
(MS53L01, ThorLabs) conducts the light to the high-sensitivity spectrometer
(Maya2000Pro, OceanOptics) with a 600-1000 nm range, a circular aperture
50 um in diameter, a blazed grating with 600 lines/mm, and a Hamamatsu
S11510 CCD detector. The spectrometer was calibrated in wavelengths by the
manufacturer. Relative intensity calibration was performed by replicating the
setup in front of a black body source (R1500T, AMATEK Land) at 1723 K.

Spatial emission measurements were conducted by moving the optics relative
to the plume’s axis at the PFG outlet. Scans were performed at axial positions
r = 14, 21, 28, and 35 mm, with a transverse step size of 5 mm up to z = +20
mm, and a step of 10 mm beyond. The OceanView software was used for data
acquisition. At each measurement point, 25 scans were performed for averaging,
with 400 ms integration time each, with dark current correction.

Fig. |2 shows a typical spectrum, with background subtracted and setup spec-
tral response correction. The emission lines are identified to argon transitions
(red labels, with levels indexed by energy starting from the ground state Ar(0)).
They are integrated spectrally for comparison to the CR model results. To reduce
noise, they are fitted to a Gaussian, typical for instrumental broadening [2].

Fig. [3] shows the intensity spatial profiles for the 811 nm line. Others have
similar profiles. The results show good symmetry and repeatability across cam-
paigns. The uncertainty level, including fitting error and calibration noise, is
small (average standard deviation of 3% and maximum of 10% for all lines, at
all positions). The size of the window is a limitation of the current setup, as it
prevents measurements far from the centerline, preventing Abel inversion.

3 Plume Model

The model predicts the intensity of emission lines by coupling a flow model with
a Collisional-Radiative (CR) model using a Lagrangian reactor approach.
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Fig. 4. Modeling approach and input parameters.

The governing equation for species conservation along streamlines is [3]:

dv: _ @
ds  pU’

VieS, (1)

where § is the set of species (here pseudo-species representing the excited states
of argon), s (m) the curvilinear coordinate along the streamline, Y; = p;/p (-)
the mass fraction of species i, p (kg/m?) the total mass density, U (m/s) the flow
velocity norm, and &; (kg/(m3s)) the net chemical production rate of species i.
The approach (Fig. [4]) requires a flow model, which takes as inputs the condi-
tions inside the PFG ng o, T50, Ne,0 and T¢ o respectively the neutral density,
neutral temperature, electron density and electron temperature. Through the
flow model, these inputs fix the streamlines and flow conditions along them. A
chemistry model then recomputes the species concentrations according to Eq.
with a Lagrangian reactor advected along the streamlines starting from an
initial distribution Y; o, with local reaction rates depending on the local electron
temperature, electron density and shape of the EEDF.

Flow model: The plume is modeled as a collisionless thermal expansion of
neutral argon, with analytical velocity and density fields [4], interacting with a
field of hot electrons. The electron temperature and density fields were computed
with a Particle-in-Cell (PIC) simulation of DRAG-ON [10], with uniform outlet
conditions T, o = 5 eV and ne = 2 x 101® m~3. For the purpose of this study,
the results were extrapolated to different outlet conditions with a linear scaling.

CR model: Tt includes the 31 first energy levels of argon, extracted from the
NIST Atomic Spectral Database (ASD) [8]. Neglecting heavy interactions and
assuming the plasma to be optically thin, the reactions included in the model
are electron impact excitation/de-excitation and spontaneous radiative decay:

Ar(l)+e~ % Ar(u) +e7, Ar(u) SN Ar(l) + hv,

where u > [ are respectively the upper and lower states. Rate coefficients for
radiative decay A,; (s7!) are extracted from NIST-ASD, selecting all allowed
transitions involving levels in S with an experimentally observed wavelength and
a known A, (77 reactions). Electron-impact rates Kj,, (m?/s) are computed as a
weighted integral of cross sections with the EEDF, using cross sections from
(465 reactions). The integrals are pre-fitted to a modified Arrhenius form for
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Fig. 5. Evolution of the densities of the 14 first excited states (centerline), with ng o =
10" m™3 Ty0 = 500 K, neo = 5 x 10" m™3, T, 0 = 10 eV, Maxwellian EEDF

efficiency. The de-excitation coefficients K,,; are computed with the principle of
detailed balance. Finally, the net production rate for each level 7 is:

wz/M = ZAjinj o ZA”TLZ + Zijenj — ZKijneni~ (2)

1<j >3 J# J#i

with M = 6.63 x 10725 kg the atomic mass of argon.

Solving Eq. along a streamline gives the evolution of excited-state popu-
lations. Fig. [5| shows results for the centerline, for typical input parameters. The
initial conditions are chosen as a Boltzmann distribution at 0.2 x Tt ¢ to start
from a high state of excitation, as expected in the PFG ionization chamber.

We identify two main regions in the flow. First is a radiative length scale
(s/R < 0.015), where the highly excited configuration from the PFG quickly
decays, except for Ar(1) and Ar(3), the known argon metastables. After that,
the flow appears to be chemically frozen, with a constant distribution of excited
states along the streamline. For other plasma conditions than shown in Fig. [5]
we also note a reactive length scale that appears in-between these two regions,
of varying length depending on the T;, and n. distributions.

4 Comparison of Model and Experiment

In this section, we reconstruct the experimental results from the model results.
A comparison criterion is defined to perform a sensitivity analysis on the inputs.

The line intensities for each transition considered are predicted in the model
from the rate coefficient A,; and the number density of the upper excited state
Ny, with Ly (z,7) o< Ayng(x,r)/Ay. For lines involving multiple transitions,
contributions are summed. LoS-integrated model intensities are generated for
the positions z; € X (axial positions with experimental data) by applying the
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and (c) Kappa (k = 2), and location of minimum discrepancy £* at (T, na0)-

forward Abel transform, assuming axisymmetry and the medium to be optically
thin. OES intensities being relative, we normalize them with

_ I (x, 2)
NLC D viex Yoner L (2i,0)

where m € {OES,CR}, [ is the line index in set £ of 12 identified lines, and N, =
> x> 1is the total number of intensity values measured on the centerline.

A comparison criterion £ (-) is defined to quantify the discrepancy between
the OES and model results:

I (x, 2) (3)

IPBS (w5, 2)) — IF%(wi, 7)) i
SAE2IDIDD ( Lo

N 2
leL x,€X ZjEZ,‘ (IlOES(CUO,O)>

with Z; the set of 2 positions in the scan at x;, and N = . > 1 > - 1 is the
total number compared values. The resulting comparison criterion £ is a function
of the model parameters only, and equals zero for a perfect match.

A sensitivity analysis was performed on & with small perturbations to identify
key parameters. The initial conditions Y; o were parametrized using a Boltzmann
distribution at T¢;¢. The neutral density in the PFG ng ¢ is fixed as it only affects
absolute intensities. The model showed low sensitivity to Ty (<1% variation
between 300 and 600 K) or to Te1o (<7% between 1 and 15 eV, likely damped
by the rapid radiative decay). However, higher sensitivity was found for the
parameters governing electron impact excitation rates (EEDF shape, Te o, Me0)-
We therefore performed a mapping with respect to these parameters. The tested
EEDF shapes were chosen to have very different tails (power-law for Kappa ,
exponential for Maxwellian, super-exponential for Druyvesteyn [5]).

Fig. |§| shows & maps over (Te o, Ne,o) for each EEDF. These maps could in
principle reveal whether one EEDF shape leads to better agreement with the
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Fig. 7. Comparison of OES and model normalized intensity profiles for all lines, for a
Kappa EEDF, T, = 8 eV, nf o =8.58x10"* m™®, T/ , = 1.6 eV, and T, = 500 K

experiment. Here, however, all three yield similar minimum &£*. Nonetheless, the
¢ contours differ depending on the choice of EEDF, and so does the location of
the minimum discrepancy. In particular, we note that a less populated tail leads
to a higher sensitivity on T,. On the other hand, the sensitivity on n. remains
relatively low for all EEDF shapes.

The obtained estimates of the electron temperature 77 identified in Fig.
|§|, aligns well with invasive measurements |7]. This supports the potential for
non-invasive diagnostics in DRAG-ON. For the electron density, the optimal n}
values are scattered across several orders of magnitude depending on the used
EEDF. The diagnostics of n, is therefore not conclusive at this stage because of
the low sensitivity of £ and the correlation between n} and the unknown EEDF
shape. Fig. [1] shows a visual comparison of OES and CR normalized intensi-
ties for a Kappa distribution at the minimum discrepancy. It shows reasonable
agreement, given the large model uncertainties, with Einstein coefficients uncer-
tainties reaching 50% [8] and cross sections varying widely across databases, but
shows the model can be further improved to reduce discrepancies.

5 Conclusions and Future Work

This study advances the understanding of non-equilibrium plasma dynamics in
the VKI DRAG-ON facility by comparing the first spatially resolved OES mea-
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surements in the facility to a CR model using a Lagrangian reactor approach.
A promising first problem inversion identified an electron temperature in the
expected range, demonstrating the potential of our approach for non-invasive
diagnostics in DRAG-ON, which could ultimately be applied during ABEP in-
take tests or gas-surface interaction studies. Remaining discrepancies between
model and experiment suggest future model improvements such as extended
PIC databases for different PFG conditions and inclusion of radiation trapping
by metastable states. Particular attention should also be given to assumptions
on the EEDF. While the EEDF shape had little impact on the extracted electron
temperature under the present test conditions, it did affect the sensitivity of the
model to the electron temperature and the optimal electron density, suggesting
that it remains a critical parameter for plasma diagnostics. Langmuir probe mea-
surements or Boltzmann equation simulations could provide alternatives to the
analytical shapes used here. Future work will also focus on plasma diagnostics
by problem inversion with uncertainty quantification tools.
Acknowledgements: Bruno Fontaine is a F.R.S.-FNRS Research Fellow.
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