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Abstract: Global modeling is used here to characterize various types of electric plasma
thrusters, fuelled mainly by the atmospheric remnants encountered in about 200 km Earth
altitude. Ground experimental devices meant to simulate thrusters functioning in space
conditions are addressed by this modeling. Considered feeding includes up to five species (O,
N, O;, N and Ar) and their mixtures.

Nomenclature

4CGM = Four Components Global Model
5CArGM = Five Components Global Model (including Ar)

&cx = Collisional energy loss of the electrons, colliding with species X
Eror = Total ionization percentage
ABET = Air Breathing Electric Thruster
ABIE = Air Breathing Ion Engine

Aoy = Area for effective losses

CDF = Concurrent Design Facility
C-RM = Collisional-Radiative Model
EP = Electric Propulsion

ESA = European Space Agency

ET = Electric Thruster

FD = Functioning Diagram

GIE = Grid Ion Engine

GM = Global Model

HET = Hall Effect Thruster

HHT = Helicon Hall Thruster

HPT = Helicon Plasma Thruster

ICP = Inductively Coupled Plasma
ISRU = In Situ Resources Utilization

k; = Rate coefficient of the process j
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L = Plasma length

LEO = Low Earth Orbit

met = Metastable component

e = Electron density

n; = Density of the species i

Tions = Total density of positive ions

nror = Total plasma species density

OES = Optical Emission Spectroscopy

p = Pressure

PaBE = Particle Balance Equation

Pabs = Absorbed Power

PCC = Plasma Components Composition
PiC = Particle in Cell

PoBE = Power Balance Equation

Qror = Total flow rate

R = Plasma radius

RAM-EP =RAM type Electric Propulsion

RIT = Radio-frequency Ionization Thruster
Te = Electron temperature

Taas = Temperature of neutrals

TOF = Time of Flight

up x+ = (eT,/ M)"?, Bohm velocity of the ion X"
V = Discharge volume

Xror = Total density of species X including excited ones

I. Introduction

THE present study concerns characterization of Electric Thrusters (ET) for Earth satellites evolving in typical
altitudes from 180 km to 240 km in Low Earth Orbits (LEO). Such satellites are of current interest, mainly for
telecommunications and for Earth observation. In order to obtain a readily available hence cheaper propellant for
fuelling LEO satellite thrusters and to increase their lifetime, a disruptive technology has been previously initiated’
by European Space Agency (ESA) aiming to use the low pressure atmospheric remnants at this altitude as a
propellant. Meant to counterbalance the drag encountered in this region, Air Breathing Electric Thrusters (ABET)
constitute a very promising issue, allowing for considerable spacecraft lifetime extension. This conception is part of
a wider /n Situ Resources Utilization (ISRU) technology, aiming to use also propellants based e.g. on oxygen
resources of the Moon and of the ample CO, resources of the Mars atmosphere.

To support ABET technology, we lately developed a Global Model (GM) allowing for studying nitrogen/oxygen
mixtures’. A conveniently adapted version of it, the Four Components Global Model (4CGM) is used here to
investigate the physico-chemical properties of atmospheric mixtures of interest to ABET, encountered in altitudes of
180 km up to 240 km. Four initial components, namely O, N, , O, and N, have been initially taken into account in
percentages varying according to the expected solar and geomagnetic activities’. For most ABET devices, the
atmospheric mixtures have first to be collected to an adequate recipient, where they will be stored in pressures much
higher than the initial surrounding atmospheric one, which is expected to be only around 0.0013 mTorr in 180 km
altitude in case of mean conditions of solar and geomagnetic activity’. Once inside the selected EP device, the
propellant constitution and properties will be modified, notably according to the available power to absorb, a process
which also greatly depends on the feeding. The chemical constitution and the energetic balance can be foreseen and
advantageously monitored in all phases by means of the elaborated 4CGM used here, sufficiently detailed in order to
encompass the main chemical, collisional and radiative processes and to allow for Optical Emission Spectroscopy
(OES) diagnostics. GMs also provide the necessary support for erosion preview and for evaluation of experimental
results related to erosion processes. This has been made possible by inclusion of the necessary atomic data of O and
N species and of their ions, besides the molecular ones. Note that an advantage of using GMs is that they are
converging much faster than other type of models, e.g. the frequently used Particle in Cell (PiC) codes. This allows
for a real time monitoring of the thruster. Because of the use of Ar as a non reactive propellant gas in some beam
devices and experimental ABETSs, a dedicated five component model version (SCArGM) has been also developed.
Interesting results obtained by this model are presented in Section IV.
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Technology initiated by ESA" addressed experimental characterization of Hall Effect Thruster (HET) and of
Radio-frequency lonization Thruster (RIT) types. The present GM is meant to also foresee the needs of further
technological developments and to improve the status of theory — experiment comparisons, especially for ABET
devices. Standard diagrams of Plasma Component Composition (PCC) belonging to each Functioning Diagram (FD)
are used throughout to obtain a better insight of the mechanisms of propellant collection and handling and to
improve OES diagnostics pertaining to EP thrusters. FD and PCC describe together the real time plasma
characteristics for the prevailing plasma chemical constitution and physical conditions of interest. FD and PCC
diagrams have been previously used profitably in studies addressing various ET types fed by Ar °, by N,O and air
components® and by CO, .

On the basis of our GM results, for an imposed feeding and various pressures, FDs give the plasma ionization
percentage depending on the electron temperature and on the absorbed power. Detailed composition of the plasma
varying with pressure from 1 mTorr to 3 mTorr is given by concomitant PCC diagrams, one for each selected
absorbed power value. Further insight can be obtained by means of PCCs showing variation of the detailed
composition of the plasma as a function of the absorbed power for one selected pressure, here of 1 mTorr. FD and
PCC diagrams presented in Sections III and IV provide abundances of the plasma components for various absorbed
powers, flow rates, feedings and pressures which are on the basis of the ABET characterization. Initial atmospheric
mixtures are those expected to be encountered in 180 km altitude. However, much higher pressures, about three
orders of magnitude, are to be addressed, if a collector and storage vessel are to be used. Note that attempts have
been made to use modified ABET versions, functioning at very low propellant pressures®.

Physicochemical processes treated in detail by 4CGM play a crucial role in ABET feed considerations. E.g. in
LEO environment, although often the atomic oxygen is initially the most abundant component (about 50%), because
of the important dissociation of N, in case of sufficiently high absorbed power, N abundance may become higher
than this of O, with the N and O ions being the most important ions present, encountered practically in equal
percentages in a few mTorr pressure’. Details will be described in Section III.

In the present paper, after a simplified description of the GM in Section II, we develop ABET analysis by 4CGM
in Section III, addressing pressure and absorbed power variations and discussing the obtained results. In Section IV,
an application of SCArGM in the characterization of a standard Air Breathing Ion Engine (ABIE) fed by an O, / Ar
mixture is presented and discussed. Finally, conclusions are presented in the last Section V.

II. Simplified description of the Global Model

A global (volume averaged) model is essentially composed of:

(1) A Power Balance Equation (PoBE) which first describes the energy losses per electron-ion pair created and
relates the so absorbed power with the electron density for a given electron temperature. Energy loss mechanisms
include also subsequent ionization of singly ionized species, which becomes important for lower pressures and
higher temperatures. Energy losses from electronic or vibrational excitation must also be included. In the present
case of interest, energy losses due to “chemical” processes and especially to molecular dissociation are also
included. In so doing, losses coming from volume collisions of species and their flows to the walls are taken into
account.

(i1) The Particle Balance Equations (PaBEs), a set of statistical equations corresponding to the studied discharge.
Each equation corresponds to one of the species of which we calculate the populations, with their system describing
the global kinetics of the present particles.

To describe the physical and chemical situation, it becomes necessary to resolve the set of equations (i) and (ii)
under the effective form factor, together with additional adequate equations, describing the plasmas processes and
overall discharge. Such additional equations have been used e.g. in the study of Ar fed arc-jet devices’, where
Navier-Stokes equations have been added to the set of equations (i) and (ii). Data from Collisional-Radiative Models
(C-RMs), are used to write down the particle balance equations (PaBEs) of the GM. Such a model constitutes the
basis of the thruster characterization and of a detailed plasma study based on the expected fuel constituents, also
supporting Optical Emission Spectroscopy (OES) diagnostics and erosion assessment.

In case of a simplified steady-state solution the POBE can be written as:

Pabs/V = ZegC,XkIONIZ,Xane + Ze(&‘e +E kg x My, (1)
X X+

where V' is the discharge volume, P, is the power absorbed by the plasma and 7. is the electron density, with e the
electron charge. The sum is made over all the ground level species whith a density ny, a collisional energy loss term
&cx and an ionization rate coefficient kjonzy . In the second term, kzw.y+ is the wall recombination rate, given by
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krwx+ = upx+ - Aeyr/ V', where up x+ is the Bohm velocity of the ion X", upx+ = (eT./M)"* with M the species mass
and A,y is the area for effective losses. Also, & and &, represent the mean kinetic energy lost per ion and per electron
respectively. To the PoBE equation (1) the PaBE set of equations (2) is added, of which each equation, say of
species j, is constituted by the sum of all the creation and destruction terms for the given species j and can be written
as:

dn

d_tj = z Rl{roduction - z Rioss (2)

where X denotes the sum of all terms including production Rpedcion and loss R/, rates involving the species j. Each
reaction rate is given by the product of the reactant densities 7; and the corresponding rate coefficient ; :

R’ = kj Hnl (cm?s™)

Following the described procedures, an argon GM?, a N,O and air GM (detailed description given previously'’)
and a CO, GM’ have been developed and used in the study of electric thrusters fed by the most promising
propellants.

As reported in the introduction, atmospheric data and exploitation of related feeding studies have been used to
obtain results for the four most abundant species encountered in about 200 km altitude from sea level, O, N, , O, and
N including their mixtures (4CGM model*). Comparison of our results with existing both theoretical and
experimental ones allowed for validation of 4CGM, not only in numerous Inductively Coupled Plasma (ICP)
reactors and glow discharges cases'’, but also for atmospheric remnants compositions evaluation® at altitudes from
180 km to 240 km. Especially for N, feeding, GMs allowed for a comparison with thrust measurements for HET and
Grid Ion Engine (GIE) / RIT thrusters'""2,

Including detailed data for N / N, and O / O, and of their compounds allows for obtaining realistic modeling for
pure nitrogen and oxygen feeding and for their mixtures'>. We remind that GM results were also systematically
presented there'? under the form of Functioning Diagrams (FD) giving the total ionization percentage of the plasma
thruster for a selected flow rate value, followed by evaluation of Plasma Components Composition (PCC) for the
investigated sets of physical conditions.

ITI. ABET analysis by 4CGM

The present section addresses general considerations on the characterization of electric plasma thrusters fed with
atmospheric remnant propellant. This analysis provides first a general idea on how a plasma discharge composed of
various atomic and molecular nitrogen and oxygen mixtures is reacting under pressure and power variations for a
given flow rate. Important ABET parameters obtained by 4CGM are presented and commented. The FDs and PCCs
obtained for the four main components of the atmosphere remnants are discussed in the following. Concomitant T,
and &ror variations are also discussed. Results are further compared with those obtained assuming pure atomic
oxygen feeding".

The present 4CGM version takes into account the four initial components, O, N, , O, and N also including their
atomic and molecular structures. These four components were selected because they are the main constituents in the
Earth atmosphere at an altitude of about 200 km which is of interest in the present study™'*. Results obtained using
the 4CGM model have been previously presented in a recent ESA Workshop®.

A specific feeding of 50.1% O / 47.5% N,/ 2.16% O, and 0.28% N is used here, which is expected to correspond
to the atmospheric mixture composition found in a typical altitude of 180 km in case of mean solar and geomagnetic
activity. To illustrate the importance of the considerable amount of N, presence in the propellant, results are
compared with those obtained for molecular O, and for sole atomic oxygen O feeding in similar conditions. In the
FDs presented here, the total ionization percentage &ror = nions / ot (%) is given as a function of pressure (p), for
various absorbed power (P.;) and electron temperature (T.) values. Note that only the number of ions enters in &ror
without including their ionization degree. The total charge is appreciated from the given n. / nror values. To a given
FD correspond PCCs illustrating the variation of the density of species as a function of the pressure and the absorbed
power. Hence, elaboration of such diagrams illustrates the variations of the plasma ionization and composition as a
function of various parameters including feeding, pressure and absorbed power.

Selected parameters are those expected to correspond to typical air breathing thrusters. An unique form factor of
L =13 cm and R =5 cm is used in the calculations. A typical feeding of 20 sccm is selected, but various feeding
values for O, / N, mixtures can be considered'”. The flow rate of 20 sccm is of the order of the propellant provided
by a collector of 1 m? cross section area, flying at 8 km/s at an altitude of 180 km. Temperature of the neutrals was
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taken to be 853 K throughout. All figures concern exclusively the aforementioned parameters. Although in the
present work we address only thrusters functioning in low pressures, going from 1 mTorr to 3 mTorr, higher
pressure conditions have been also examined and they will be addressed elsewhere.

A. Importance of the thruster pressure

In Fig. 1 we present a typical PCC diagram for P, = 400 W absorbed power when pressure varies from 1 mTorr
to 3 mTorr. The suffix TOT indicates the total values of various components, in case separate values of excitation /
ionization are available. Fig. 1 shows nror and n. values, which are comparable at about 1 mTorr pressure, indicating
a significant ionization, but differ by an order of magnitude for 3 mTorr. This indicates a low ionization for higher
pressure, limited by the available Py, of 400 W. Consequently, N* and O" become the prevailing species for low
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way. Presences of the two atomic species and of their single ions are
not very different for nitrogen and for oxygen. Notably, nitrogen
atoms and their single ions are more present than oxygen ones,
although about half of the propellant fed consists of N, .

We can see in Fig. 1 that N, and O, species densities are small for 1 mTorr but they increase very quickly with
pressure. Molecular ions N," and O," have low densities which increase very slowly with pressure increase. For low
pressures about 1 mTorr, the molecular ions are more present than the neutral molecules. For higher pressures,
presence of the neutral molecules increases considerably, then becomes an order of magnitude higher than this of
molecular ions in about 3 mTorr. It is important to notice that presence of nitrogen molecules and of their single ions
vary in a similar way with this of the oxygen, but the former are at least about one order of magnitude higher.

The twice ionized species N and O™ represent nearly 10% of the total species for 1 mTorr, but their densities
decrease sharply with pressure. O density is orders of magnitude lower, therefore is shown here multiplied by 100.
Also, density of the oxygen metastable level, O 3s °S, (represented with orange line), is increasing with pressure.
Results change substantially within the 1 mTorr to 3 mTorr pressure domain. On the contrary to the O case, N and
N species have not clear metastable states, therefore all of their excited species populations are very low and O I
lines are mostly expected to appear in the visible region. However, N, molecular spectra are expected to be more
intense than those of O, .

Concomitant variations of the T. , of &or, of the electron percentage and of the remaining neutral species
percentages are shown in Fig. 2. They also correspond to pressure variations from 1 mTorr to 3 mTorr and 400 W
absorbed power. For low pressure, T. becomes very high, but it has to be appreciated that it is difficult to obtain 400
W absorption by the propellant in such low pressures. Also, presence of energetic electrons leads to considerable
multiple ionization, thus contributing to increase the absorbed energy losses.

In order to get a glimpse of the influence of the absorbed power important parameter, we present in Fig. 3 a PCC
corresponding to a higher absorbed power of 1000 W. Although the main trends remain similar to those obtained for

Figure 1. 400 W PCC.
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absorbed power of 400 W illustrated in Fig. 1, a significant increase of the ionized species densities is observed for
the 1 kW case of Fig. 3 because of the high absorbed power.
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Figure 3. 1000 W PCC.
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Figure 4. 1000 W T. , &or , electron percentage and
remaining N, , N, O; and O percentages.

In Fig. 3, we observe that the twice ionized species vary in a
totally different way than the singly ionized ones. Mind that higher
ionized species are expected to appear in this region, which are not
included in the figure.

The corresponding variations of the T. , &or , electron and
remaining neutral species percentages are shown in Fig. 4.

Evidently, higher ionization percentage and electron temperature are observed for the 1000 W case (Fig. 4) than for
the 400 W one (Fig. 2). Thus, percentages of remaining neutral species N, O, N, and O, are quite smaller for 1000

W than in the 400 W case.

50.1% O /47.5% N,/2.16% O,/0.28% N
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B

)

2.0
Pressure, p (mTorr)

0 15

Figure 5. FD for an atmospheric mixture
feeding of 20 sccm.

Using various PCCs corresponding to different absorbed power
values, it is possible to construct a FD, which encompasses both
pressure and power variations. Fig. 5 shows such a FD pertaining to
GM results for the same atmospheric mixture feeding of 20 scecm. It
illustrates ionization percentages variation as a function of pressure
for a set of absorbed power and T. values. Absorbed powers
addressed span a range of 200 W to 3 kW and the T. a range of 3.3
eV to 12 eV, for a limited variation of the pressure from 1 mTorr up
to 3 mTorr. This FD encompasses a very wide range of plasma
parameters, with the pressure remaining quite low. We insist on the
fact that this standard FD is dedicated to a defined flow rate of 20
sccm. The two curves corresponding to the previously considered
Pas =400 W and P, = 1 kW PCCs are shown with thick lines. The
situation should be very different for different flow rates. Note that
in the diagram of Fig. 5, a 10% limit of ion losses from the “core”
plasma to the walls was fixed.

Variations of the plasma ionization for the investigated
atmospheric mixture is clearly illustrated by the FD of Fig. 5.
Specifically, we observe a considerable ionization when pressure is
decreasing and/or power is increasing. In order to reveal the role of
the N, presence, constituting about 50% of the number density in
about 200 km, the obtained results for atmospheric mixtures are
compared to those corresponding to pure atomic oxygen feeding.
Results pertaining to oxygen are here obtained with the same
4CGM but supposing only atomic oxygen feeding. The bulk
chemical composition change, but an important difference is here
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that the propellant feed is in atomic state, so no absorbed energy is spent to volume dissociation, as was the case
with N, molecules. Thereafter, we present atomic oxygen feeding 4CGM results, for a quite high absorbed power.

Atomic O feeding
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Figure 6. 1000 W PCC for atomic oxygen
feeding.
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Figure 7. 1000 W T. , &or , electron percentage and O and

remaining O, percentages.

The corresponding PCC diagram meant for 1000 W absorbed
power and pressure varying from 1 mTorr to 3 mTorr is presented
in Fig. 6. In this PCC, we observe that main species is O,
especially for the lower pressures investigated and that molecular
species have much lower densities which increase with pressure.
The O"" ion presence is important, especially for pressures lower
than 2 mTorr. Increase of the pressure to 3 mTorr suffices to
increase neutral O presence to the O' level and to lower O
presence of an order of magnitude with similar increase of molecular presence.

The corresponding variations of the T. , the &ror , the electron percentage and the remaining neutral species
percentages, are represented in Fig. 7 for the same atomic oxygen discharge with 1000 W absorbed power. We
observe that, as expected, electron temperature, electron percentage and ionization percentage are quite high. It is

50.1% O /47.5% N,/2.16% O,/ 0.28% N
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important to note that when passing from the atmospheric mixture feeding (Fig. 4) to pure atomic oxygen one (Fig.
7), the ionization percentage shows a relative increase of up to 25%.

More generally, it is interesting to represent how the atomic oxygen discharge ionization is varying both as a
function of the pressure and of the power with the help of 4CGM. This allows to characterize an O fed thruster and
to compare its functioning with the one expected in case of feed by atmospheric remnants. To this aim, a FD
pertaining to atomic oxygen feeding in the pressure region from 1 mTorr to 3 mTorr is presented in Fig. 8. This FD
is analogous to the one of Fig. 5 pertaining to atmospheric mixture feeding. The iso-energy curve corresponding to
the 1 kW PCC of Fig. 6 is shown here with a thick line. Comparison of Figs. 5 and 8 shows that in case of
atmospheric mixture feeding, the ionization is clearly lower than in the atomic oxygen case for similar conditions.

In order to ease the comparison of the FD corresponding to the two different feedings, we provide in Fig. 9,
results indicated by thick dashed pink lines joining empty stars, corresponding to pure atomic oxygen feeding,
printed on top of the results obtained with atmospheric remnants feeding. For high ionization values (corresponding
to high P, and T. and low pressure) ionization differences are not exceeding 5%. However, for higher pressure
values, around 3 mTorr, ionization are quite different, up to 20% higher in case of atomic oxygen feeding. With
increasing pressure, the intrinsic properties of the propellant become more evident.

B. Results of variation of the absorbed power

After investigating the effects of a pressure increase of a few mTorr, we address the effects of varying the
absorbed power from a low value of 200 W up to 1.4 kW, first in case of a feed by the 180 km altitude atmospheric
remnants mixture, illustrated in Fig. 10. Results will be compared with those obtained by an O, feeding shown in
Fig. 11. In so doing, we select a typical pressure of 1 mTorr for a feed of 20 sccm. Results follow a power
depending version of PCC.
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Figure 10. 1 mTorr power depending PCC for Figure 11. 1 mTorr power depending PCC for O,
atmospheric mixture feeding. feeding.

PCC of Fig. 10 illustrates that for the chosen conditions important variations appear with P, changes, especially
for low P values. N, and O, densities diminish fast with increasing P, while presence of N, O atoms is clearly
favored in comparison with their corresponding molecules. N density diminishes slower than this of O and remains
higher. Also, N, presence for 1.4 kW is almost two orders of magnitude higher than this of O, , although for 200 W
was only about one order. O 3s metastable is rather scarce, with an abundance about half than this of O, . This
illustrates the tendency of an increased molecular N, presence in comparison with this of O, when absorbed energy
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increases conformal with what happens in the atmosphere. The atomic ions N* and O" are the most abundant
species, once the absorbed power becomes sufficiently high (about 400 W) for the atoms ionization.

In case of a sole O, feeding the situation is quite different, as illustrated in Fig. 11. Part of the absorbed power is
spent to dissociate the O, molecule. Although O" and O™ increase considerably as expected, O, and O," presences
are much higher than in the atmospheric mixture case, because of the readily available molecule. The total atomic
oxygen presence is slightly diminishing when P, increases and tends to stabilize, as is the case with O". The
metastable O 3s presence is much higher than this calculated for the atmospheric mixture, especially for high P .
Presence of O remains low and diminishes with P, as was the case for the mixture feed, but for O, feed is more
than an order of magnitude higher. The vertical line at 1 kW refers to the same conditions with those of Fig. 6 in
case of 1 mTorr pressure, showing that O, feeding leads in this case to much higher O, and O," populations with
similar atomic O presence.

IV. Characterization of ground based experiments for ABET

Various types of ABET prototypes have been considered lately, following an increasing effort of air breathing
technology development". Overall theoretical feasibility of RAM-type EP (RAM-EP) has been studied previously
by an ad hoc ESA interdisciplinary team under the responsibility of J. Gonzalez del Amo and D. Di Cara, as part of
the Concurrent Design Facility (CDF)"”. This study included also an overview of the required technology

70.0% Ar / 30.0% O, , 5CArGM Fig. 12 devﬂopmept for ABET. Recent on-groqnd experimenta}l

PO devices of interest to ABET are often using N, and/or air

1 _'_':\_‘_'.‘_‘.'_‘--4—191-'-"—'-471'-"-1'-'#'—'-'-"-'3}1‘7!:’-'-}’ feed as is the case with Helicon Hall Thruster (HHT)',

104 n, e 10 low power radio frequency Helicon Plasma Thrust;rs

]~ - - A—r\k_ (HPT) fed e.g. by argon' or . laser Qetonatlon

] :xt_i \,_’3_/7%'? . T hyperthermal beam sources'® addressing atomic oxygen

] 8 O, Tx—_Ary} feed. Besides oxygen and/or nitrogen feed, which are the

1 E/E W\ﬁi:\.“, d{ most abundant constituents in LEO environment,

. Alor ==y propulsion and carrier gases are used to increase O / N

10 E o EE/(O“ ;‘10 speed, typically Ar. The latter, being an inert gas,

] v\<§74\ o r absorbs electric power mainly for excitation and

] il M\L;\ [ ionization by electronic collisions, set aside atomic

e | / \ 0, L collisions within various species. It has been conjectured

° / PCC for 20 scom ., lately" that O, / Ar mixtures may conveniently simulate

10'% p=1imTorr 10" LEO environment. We consider here characterization of

81 : Q,or =20 sccm \f a typical ABIE device producing an hyperthermal

’é ] s S L Tous=83K L=13cm| atgmic O beam when fed by a 30 : 70 [O3] E [Ar]

5 e, R=5.0 cm| rr(lllzl(ture,das \}71vas the case vsf/lth kone of ltl}}e mixtures
. e, addressed in the experiment of Yokota et al.".

104 \\<O 3s (met) i 11 o° These authors claim that such a mixture feed

] Ar 4s (met) : simulates sufficiently well LEO conditions. Adding Ar

as a fifth component to our 4CGM model, we obtained

an adequate global model, SCArGM, which in principle
allows for characterization of such an experiment.
Typical results obtained by SCArGM are presented in
Fig. 12. The latter shows an absorbed power depending
PCC diagram obtained for a 30 : 70 [O,] : [Ar] mixture
feed of 20 sccm, the rest of the conditions remaining those of the previous Section III. We see in Fig. 12 that atomic
O and Ar species have almost the same populations for all absorbed power investigated and especially for lower
P.s . Comparing with 4CGM results shown in Fig. 10 we see that O population of SCArGM is quite similar to this
of O in 4CGM in case of atmospheric remnants feeding. Thus, the simulation proposed in the aforementioned
experiment" is fully justified according to our GM results. As expected, consistent populations of O 3s and Ar 4s
metastable species are shown at the bottom of Fig. 12. These allow for OES diagnostics, even if molecular species
also contribute considerably to the spectrum. Using the SCArGM model version we obtained detailed information
meant to implement the one obtained by experimental Time of Flight (TOF) results", justifying the use of the O, /
Ar mixture. Detailed atomic structure of the plasma species is incorporated in 4CGM and SCArGM allowing for
OES diagnostics™ through comparison of obtained theoretical spectra with experimental ones.

200 400 PSb(S)QW)SOO 1000 1200 1400
Figure 12. 1 mTorr power depending PCC for 30 : 70
[O,] : [Ar] feeding.
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V. Conclusion

Characterization of air breathing electric propulsion devices was investigated on the basis of the adequate 4CGM
and SCArGM models. 4CGM model was able to predict the expected composition of the ABET plasmas described
in various PCC diagrams and to define the concomitant ionization in various conditions of low pressure, from which
the thrust can be directly inferred. The obtained FDs describe the ABET functioning and give the values pertaining
to various conditions of pressure and of absorbed power. Atomic and molecular oxygen feeds were also addressed,
allowing for comparison of thruster functioning in various propellants cases. It is shown that feed by atomic oxygen
(concomitant to O beam use) is quite different to this by atmospheric remnants four components. Moreover, use of
5CArGM model justified the choice of a 30 : 70 [O,] : [Ar] mixture feed of ABIE in a recent experiment"’.
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