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Key Points:

» Vibrational temperatures and CO and CO; concentrations are measured for the
first time in plasmas created in realistic Martian conditions

» The temperature and pressure conditions on Mars favor vibrational non-equilibrium

« The minor constituents of the Martian atmosphere facilitate carbon dioxide dis-
sociation by electron impact
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Abstract

It has been recently advocated that Mars has excellent conditions for oxygen and fuel
production directly from atmospheric COs using non-equilibrium plasmas. The Martian
conditions would be favorable for vibrational excitation and/or enhanced dissociation

by electron impact, two important pathways for CO; plasma dissociation. Herein we con-
firm these theoretical predictions by measuring, for the first time, the vibrational tem-
peratures of CO5 and the CO and CO; concentrations in realistic Martian conditions.

In situ Fourier transform infrared spectroscopy (FTIR) measurements are performed in
experiments conducted in DC glow discharges operating at pressures p = 1 — 5 Torr,
discharge currents I = 10 — 50 mA, initial gas temperatures of 220 K and 300 K, both

in pure CO3 and in the synthetic Martian atmosphere 96%C05-2%Ar-2%N,. To anal-
yse and interpret the experimental results, we develop a detailed self-consistent kinetic
model for pure CO4 plasmas, describing the coupled electron and heavy-particle kinet-
ics. The simulation results are in very good agreement with the experimental data. It

is shown that the low-temperature conditions may enhance the degree of vibrational non-
equilibrium and that the Martian atmospheric composition has a positive effect on COs
decomposition. Accordingly, the present investigation confirms the potential of plasma
technologies for in-situ resource utilization (ISRU) on Mars.

Plain Language Summary

In-situ resource utilization (ISRU) is a key concept in space exploration, corresponding
to the harnessing of resources on the exploration site that would have to be brought from
Earth otherwise. Mars is one of the main targets for future planetary missions. Its at-
mosphere is mostly formed by carbon dioxide (COs), a resource that can be used to pro-
duce locally the propellants for returning to Earth and oxygen for breathing in a future
human outpost, by decomposing it into carbon monoxide and oxygen. Recently, it has
been theoretically predicted that the red planet has nearly ideal conditions for CO5 de-
composition by non-thermal plasmas, due to the appropriate pressure and temperature
and to the presence of argon and nitrogen as minor constituents. Here, we experimen-
tally verify this conjecture, by measuring, for the first time, the conversion of COs in a
DC glow discharge operating at Martian conditions. The experiments are complemented
with new simulations developed to describe and interpret the experimental results. We
show that the low-temperature and pressure conditions may enhance the degree of vi-
brational non-equilibrium and that the Martian atmospheric composition has a positive
effect on CO4 decomposition, confirming the potential of plasma technologies for oxy-
gen and fuel production on Mars.

1 Introduction

Mars exploration draws ever more attention nowadays, with new plans from space
agencies and private companies announced frequently (NASA, 2020). Current missions
to the surface of the red planet focus on robotic landers and rovers, but proposals for
the first human missions and settlements will certainly follow soon. Future missions will
require the ability to collect resources in situ and transform them into breathable air,
water, propellants or food. Mars has resources that can be used for a sustainable set-
tlement, such as carbon dioxide, which is the most abundant (95.9%) component of its
atmosphere, with smaller percentages of Ar (1.9%), Ny (2.6%) and other gases (Haberle,
2015). The local production of oxygen on Mars directly from atmospheric COy may help
solving some of these challenges, such as manufacturing fuels to get back to Earth, and
creating a breathable environment for a future outpost.

The idea to try to use CO5 as a raw material for in situ resource utilization (ISRU)
on Mars for rocket propellant production dates back to the late 1970s, with the pioneer-
ing works of Ash and collaborators (Ash et al., 1978; Stancati et al., 1979). COs can be
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converted into carbon monoxyde (CO) and oxygen (O2) and used in a CO/O2 propel-
lant or, with some hydrogen brought from Earth or produced from Martian water, into
oxygen and methane, the latter via the Sabatier process COy+4Hy — CH4+2H50. Sev-
eral authors have discussed the feasibility of using local resources for fuel or oxygen man-
ufacturing, and the references given here are merely indicative. Landis and Linne (2001)
proposed the construction of a reusable hopper vehicle that could self-refuel, making its
fuel from a zirconia-electrolysis oxygen generation system. Boiron and Cantwell (2013)
discuss the possibility of hybrid rocket propulsion systems, based on a combination of

a liquid oxidizer and a solid fuel, where the oxidizer is acquired through decomposition
of carbon dioxide on the surface of Mars. A review of the state-of-the-art on Mars ISRU
was published in 2015 by Sanders et al. (2015). In the last few years, solid oxide elec-
trolysis for fuel and oxygen production from the Martian atmosphere (Stancati et al.,
1979) has caught a lot of attention, due to its choice for the thrilling Mars Oxygen ISRU
Experiment (MOXIE) instrument on the Mars 2020 mission (Hartvigsen et al., 2015; Hecht
et al., 2014; Hecht & Hoffman, 2016), a choice dictated by the simplicity and robustness
of this already existing technology.

Gaseous COs can be converted into Oy and CO using different methods, that are
the subject of a large scientific activity for applications on Earth. As a matter of fact,
due to the continuous growth of fossil fuel consumption and the steady increase of an-
thropogenic greenhouse gas emissions (IEA, 2019), the scientific community is actively
investigating how to replace fossil fuels by solar fuels, i.e., how to produce synthetic fu-
els from renewable electricity, using COs as a raw material. The bottleneck in this scheme
is achieving an efficient CO5 dissociation, in a process compatible with the geographic
constraints and intermittency of renewable energy sources. Low-temperature plasmas
provide a very interesting context to address the problem (Fridman, 2008). In this rich
medium, several dissociation pathways are possible: the high-energy electrons can di-
rectly dissociate the CO5 molecule; high-power plasma sources may significantly heat
the gas and enhance thermal dissociation; and in typical conditions found for operation
of various discharges the electrons can efficiently transfer their energy into the vibrational
excitation of COs, that can be subsequently up-pumped along the asymmetric stretch-
ing mode to high levels and enhance dissociation via non-equilibrium processes (Fridman,
2008; A. Goede & van de Sanden, 2017). The latter process is essential to achieve high
energy efficiencies for CO2 conversion, above those obtainable under thermally-driven
processes. There are many other advantages of plasma technologies besides energy ef-
ficiency, such as the possibility of instant start and stop of operation, scalability, and its
relatively cheap design that does not require the use of scarce materials.

Even though COs reforming is a widely discussed topic and a vast research is de-
voted to it in terms of reduction of greenhouse emission, production of solar fuels and
chemical materials on Earth, very few studies are available regarding the use of plasmas
in Martian conditions. The suggestion to use plasmas for ISRU on Mars dates back to
the 1990s in a series of papers by Outlaw and co-workers (Outlaw, 1990; Ash et al., 1994,
Wu et al., 1996), with a very recent follow-up by (Premathilake et al., 2019). Alterna-
tive ideas have been proposed by (Gruwenwald, 2014). Some works related to plasmas
on Mars do not focus on ISRU and address, e.g., the characterisation of electrical dis-
charges in COz/Ar/Ny mixtures (Manning et al., 2010; Garcia-Cosio et al., 2011), the
study of vibrational-energy transfers in spacecraft entry conditions (Annaloro & Bultel,
2019), or the calculation of cross sections (Laricchiuta et al., 2009) and transport coef-
ficients (Catalfamo et al., 2009) for the dominant heavy-particles in the Martian atmo-
sphere.

In a recent study, we have put forward a strong case for oxygen and propellant pro-
duction on Mars directly from the atmosphere using low-temperature plasmas, by show-
ing that Mars has nearly ideal conditions for CO2 dissociation by plasmas (Guerra et
al., 2017, 2018). In particular, it was advocated that: i) the pressure on the surface of
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Mars (~ 4.5 Torr) is very suitable for plasma operation, since the discharge tends to be
homogeneous and is easy to ignite; ii) the cold Martian atmosphere may enhance vibration-
vibration (V-V) up-pumping and hinder vibration-translation (V-T) deactivation, favor-
ing dissociation via the indirect route that takes advantage of vibrational non-equilibrium;
iii) Ar and Ny may shift the electron energy to higher values and help pumping the CO5
asymmetric stretching mode, respectively, contributing as well to enhance dissociation

and increase its efficiency. The simulations in (Guerra et al., 2017, 2018) show very promis-
ing results, but no experimental confirmation of these predictions was attempted to date.

Herein we undertake a joint experimental and modeling investigation to assess the
validity of the ideas advanced by Guerra et al. (2017, 2018). To this purpose, experiments
are carried out in plasmas created in simple and reproducible DC glow discharges, in pure
CO; and in a synthetic Martian atmosphere of 96% of COy with 2% of Ar and 2% of
Ny, for pressures in the range 0.5-6 Torr, discharge currents from 20 to 50 mA, both with
the input gas at room temperature (300 K) and typical Mars average temperatures (220 K).
The CO5 and CO vibrational temperatures, the conversion factor, and the gas temper-
ature are measured in these conditions using in situ Fourier transform infrared (FTIR)
spectroscopy, while the reduced electric field is determined from the voltage drop between
two tungsten probes at the floating potential. The bases of the experimental set-up are

similar to the ones used in former fundamental studies on COy reforming on Earth (Klarenaar

et al., 2017; Morillo-Candas et al., 2019). The low-temperature Martian conditions are
recreated here by immersing the plasma reactor in a bath of dry ice and ethanol. To the
best of our knowledge, these measurements constitute the first experimental character-
ization of plasmas created in a realistic Martian environment and address, at the same
time, the vibrational non-equilibrium and the COy conversion in these plasmas. Prelim-
inary results were presented in (Ogloblina et al., 2019).

To complement the experimental study, a detailed self-consistent kinetic model is
developed to analyze and interpret the experimental data obtained in pure COs. The
model describes the electron kinetics, by solving the electron Boltzmann equation for a
CO2/CO/02/0 mixture (Grofulovi¢ et al., 2016; Ogloblina et al., 2020) using the two-
term Boltzmann solver LoKI-B (Tejero-del-Caz et al., 2019), coupled with the heavy-
particle kinetics, described by a set of rate balance equations for the creation and de-
struction of the most important neutral and charged heavy-particles in the plasma, namely
COz(11vivs), CO(X '8%,a 3,), O2(X 3%,,a 'Ay,b 'SY), O(PP! D), O3, CO3, CO*,

5, 0%, and O7, following the formulation from (Guerra & Loureiro, 1999) and imple-
mented in the LoKI simulation tool as described in (Tejero-del-Caz et al., 2018; The Lis-
bOn Klnetics - LoKI, 2019). Here, COQ(I/ll/éz v3) accounts for 72 individual CO4 vibra-
tional levels (see section 3). This model constitutes a major improvement regarding our
previous simulations for COy plasmas, where only the coupling between the electron ki-
netics and the COq(v1v2v3) vibrational levels is taken into account (T. Silva, Grofulovié,
Klarenaar, et al., 2018; Grofulovi¢ et al., 2018; T. Silva, Grofulovié¢, Terraz, et al., 2018;

T. Silva et al., 2020), or where no vibrational excited states of CO2 are considered (A. F. Silva

et al., 2020), or where vibrational states of CO5 are included with very reduced set of
chemical reactions (Morillo-Candas, Silva, et al., 2020). In addition, vibrational relax-
ation of COQ(VlVéz v3) molecules in collisions with O atoms is now included as in (Terraz
et al., 2020) and is shown to have a significant influence in shaping the CO5 vibrational
distribution functions. Vibrational relaxation in CO5-O5 collisions is also accounted for.

The structure of this paper is as follows. Section 2 briefly describes the experimen-
tal setup and the diagnostics used. Section 3 details the formulation of the model and
describes the input data. The experimental and modelling results are presented and dis-
cussed in section 4. Finally, section 5 summarises our main findings.



169 2 Experiment

170 The experimental setup and diagnostics used are very similar to those described

m in (Morillo-Candas et al., 2019; Klarenaar et al., 2017). In addition, a new system had
172 to be devised and included in the setup to reproduce the Martian low-temperature con-
173 ditions, as further described below.

174 The plasma reactor under study is a cylindrical-shaped Pyrex tube, with a 2 cm
175 inner diameter and a length of 23 cm. The electrodes are positioned 17 cm apart, op-

176 posite to the gas in- and outlet. The reactor is connected in series with a 40 k€ resis-

177 tor to a DC power supply. The electric field in the reactor is measured with two tung-
178 sten pins radially pointing inside the positive column of the glow discharge. The pos-

179 itive column can be considered homogeneous (Raizer, 1991) and, therefore, the measure-
180 ment of the electric field with two pins gives the value of the average field in the whole
181 bulk of the plasma. The discharge current is varied between 10 and 50 mA. The pres-

182 sure is varied between 0.5 and 5 Torr, using a scroll pump (Edwards XDS-5), and a pres-

183 sure gauge (Pfeiffer CMR263) with feedback to an automated pressure regulating valve
184 (Pfeiffer EVR116) and controller (Pfeiffer RVC300).

185 The experiments are conduced both in pure COs and in a synthetic Martian at-

186 mosphere corresponding to a mixture of 96% COs with 2% of Ar and 2% of Ny (all Air

187 Liquide Alphagaz 1). The gas flows are controlled using mass flow controllers (Bronkhorst
188 F-201CV). A total gas flow of 7.4 sccm has been used in our previous work comparing

189 experiment with models (T. Silva, Grofulovi¢, Klarenaar, et al., 2018; T. Silva, Grofulovi¢,
190 Terraz, et al., 2018; Terraz et al., 2020; A. F. Silva et al., 2020) and is employed as well

101 as the reference condition in the present experiments. However, to insure a good pre-

192 cision of the concentration of the small admixtures of Ar and Ny necessary to reproduce
103 the Martian mixture, for the corresponding additional measurements a larger total gas

104 flow of 19.25 scem is used, composed of 0.39 sccm of nitrogen and 0.39 sccm of argon and
105 the remainder of COs.

The reactor is positioned in the sample compartment of a FTIR spectrometer (Bruker
V70) as presented in figure 1. The chosen configuration ensures that the IR absorption
measurements (line-of sight-integrated) are taken only through the positive column of
the glow discharge. The contribution of the IR emission from the plasma is subtracted
to the transmission spectra. The detected IR spectra contain several lines of CO and COq
vibrational transitions and are fitted according to the procedure described by (Klarenaar
et al., 2017, 2019). It is assumed that the rotational and vibrational temperatures are
uniform along the length of the positive column. As an outcome of the fitting procedure,
the vibrational temperatures of CO2 and CO, the rotational temperature of CO and CO4
- assumed to be representative of the gas temperature (Morillo-Candas et al., 2019) -,
and the dissociation fraction

___[co]

- [CO1+[CO,] "
196 where [COJ and [COg] represent the gas phase concentrations of CO and CO2 molecules,
107 respectively, are obtained from the acquired spectra.
108 To mimic Mars-like temperature conditions, the reactor is immersed into a mix-
199 ture of dry ice and ethanol, as shown in the photos of the setup and the discharge in fig-
200 ure 2. Both the mixture temperature and the gas temperature inside the reactor before
201 igniting the plasma are controlled with a temperature dependent platinum thin film chip
202 resistor (Vishay PTS 0603). The nominal resistance temperature specifications from the
203 manufacturer (given down to 215 K) was cross checked by calibrating it with a chiller

204 (Huber 230) down to 243 K. The temperature of the gas before experiencing the plasma
205 is further controlled by the FTIR measurements and is approximately 220-230 K. Both
206 techniques agree within a 5% error for “plasma off” gas temperature measurements. As
207 the temperature probe sensor is a an intrusive diagnostics, it is not used for the “plasma



FTIR spectrometer

17 cm

23 cm -

Figure 1. Schematic representation of the discharge reactor placed in the sample compart-
ment of the FTIR spectrometer and immersed in a mixture of dry ice and ethanol. Adapted from
(Klarenaar et al., 2017).

208 on” measurements and only the results obtained from the FTIR absorption spectra are
200 considered. For the Earth temperature conditions, the same operating conditions were
210 tested without surrounding the reactor by the dry ice and ethanol bath.

Figure 2. Discharge reactor immersed into a mixture of dry ice and ethanol and positioned in

the sample compartment of the FTIR when the plasma is ON.



211 3 Model

212 A self-consistent kinetic model was developed to interpret the experimental results
213 and describe the detailed kinetics of the major species in plasmas created in DC CO,

214 discharges. It couples the electron, vibrational, chemical and ion kinetics, and builds on
215 previous models for COs-containing plasmas, already tested and validated in discharges
216 and afterglows and for various operating conditions (T. Silva, Grofulovi¢, Klarenaar, et

217 al., 2018; Grofulovi¢ et al., 2018; T. Silva, Grofulovi¢, Terraz, et al., 2018; Terraz et al.,
218 2020; T. Silva et al., 2020; A. F. Silva et al., 2020). The model takes as input the pa-

210 rameters controlled in a real experiment, in particular the discharge current, I, pressure,
220 p, gas flow, ®, and tube radius, R. Additionally, in the present simulations the gas tem-
221 perature, Ty, is also given as an input parameter, since its value is available from exper-
22 iment and our purpose is not to focus on the gas heating mechanisms but rather on the
23 plasma chemistry in the system. Note that the gas thermal balance equation can be in-
22 corporated in the present formulation, as it was already done in (T. Silva et al., 2020).
25 The EEDF is obtained from the solution of the homogeneous and stationary elec-
226 tron Boltzmann equation in a CO3/CO/0O3/0 mixture, solved in the usual two-term ex-
227 pansion in Legendre polynomials. The calculations are done with the LisbOn Klnetics

228 Boltzmann solver LoKI-B (Tejero-del-Caz et al., 2018; The LisbOn Klnetics - LoKI, 2019),

229 an in-house code developed in object-oriented programming under MATLAB® and dis-

230 tributed in open source. The electron impact cross sections for the different gases have

231 been previously validated and are described in (Grofulovié et al., 2016) for CO4, (Ogloblina
23 et al., 2020) for CO, and in (Alves et al., 2016) for O2 and O, and can be obtained from

233 IST-Lisbon database at the open-access web-platform LXCat (Plasma Data Exchange

23 Project, 2010). These cross sections have been mostly based on (Lowke et al., 1973; Ce-

235 liberto et al., 2014, 2016) for CO., (Itikawa, 2015; Laporta et al., 2012; Sawada et al.,

236 1972; Rapp & Briglia, 1965; Rapp & Englander-Golden, 1965; Cosby, 1993) for CO, (Phelps,
237 1985; Lawton & Phelps, 1978) for Oz and (Laher & Gilmore, 1990) for O. The EEDF

238 is calculated taken into account elastic and inelastic collisions of electrons with the par-
239 ent gases, whose concentrations are self-consistently calculated (see below), as well as

240 stepwise and superelastic collisions with vibrationally excited CO5 and CO molecules

21 and electronically excited metastables molecules Oz(a,b) and CO(a) and atoms O(' D).
242 The electron Boltzmann equation is coupled to a system of rate balance equations
23 describing the creation and loss of neutral and charged heavy-species, using the approach

204 from (Guerra & Loureiro, 1997, 1999). The resulting global model is simulated with the
25 LoKI simulation tool (Tejero-del-Caz et al., 2018; The LisbOn Klnetics - LoKI, 2019).

26 The species considered in the model include: 72 vibrationally excited COs levels, rep-

247 resented as COs (14 l/éz v3), where v <2, 5 <5 and v3 <5 denote the vibrational quanta

248 in the symmetric stretching, bending, and asymmetric stretching vibrational modes, re-

249 spectively, and ls defines the projection of the angular momentum of bending vibrations

250 onto the axis of the molecule (T. Silva, Grofulovié¢, Klarenaar, et al., 2018); ground-state

251 and electronically excited CO and O5 molecules, CO(X ¥ a 3II,.), Og(X 32;,0, LA,b IE;);
252 ground-state and electronically excited oxygen atoms, O(*P,! D); ground-state and vi-

253 brationally excited ozone, O3 and O3, respectively; and positive and negative ions, CO3,

254 CO*, 0%, OF, and O~. Following the results in (Morillo-Candas, Silva, et al., 2020), elec-

255 tron impact dissociation from ground-state CO2(00°0) molecules is taken into account

256 using the dissociation cross section from Polak and Slovetsky (1976). As discussed in (Grofulovié
257 et al., 2016), this cross section is not part of the complete and consistent COq cross sec-

258 tion set and, accordingly, is not used to obtain the EEDF, but is integrated with the cal-
250 culated EEDF to obtain the corresponding rate coefficient. Due to the lack of data, the

260 dissociation cross section from vibrationally excited states is considered with a thresh-
261 old reduction, while keeping the same shape and magnitude as for dissociation from the
262 ground-state. The same threshold reduction procedure is used to account for ionization
263 from vibrationally excited COz molecules. The loss probability of O atoms at the wall,
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~o, is considered with the expression proposed by Morillo-Candas et al. (2019), deduced
from the experimental determination of O-atom loss frequencies. The details on the com-
plex plasma chemistry taken into account can be found in previous publications deal-

ing with the CO4 vibrational kinetics (T. Silva, Grofulovié¢, Klarenaar, et al., 2018; Gro-
fulovié¢ et al., 2018), the kinetic mechanisms in Og plasmas (Annusové et al., 2018), and
the plasma chemistry in vibrationally cold COy (A. F. Silva et al., 2020).

Note that no chemistry was included in (T. Silva, Grofulovi¢, Klarenaar, et al., 2018;
Grofulovi¢ et al., 2018), a reduced chemistry set with only five reactions was coupled with
the vibrational kinetics in (Morillo-Candas, Silva, et al., 2020), while no vibrational ki-
netics was considered in (A. F. Silva et al., 2020). Accordingly, the current model con-
stitutes a significant upgrade of our prior models, by describing self-consistently and in
detail the coupled electron, vibrational and chemical kinetics. Moreover, T. Silva, Gro-
fulovi¢, Klarenaar, et al. (2018); Grofulovié¢ et al. (2018) only consider vibrational en-
ergy transfers in CO5-CO4 collisions and vibrational deactivation at the wall, as they
focused in the so-called ‘single-pulse’ experiment, where CO5 dissociation is very low.
However, in a steady-state situation, significant amounts of CO, Oy and O are present
in the plasma (c¢f. section 4). Therefore, we have additionally included vibrational-to-
translation (VT) energy exchanges in CO3-O collisions:

CO5(00°3) +O = CO5(02%(v3-1)) + O
CO2(00%3) +O = CO2(03*(v3-1)) +O
CO5(00°3) +O = COo(04*(v3-1)) +O
CO2(00%20)+O = CO2(0(r2-1)2710)+O ,

as they can affect significantly the vibrational distribution functions even for relatively
small amounts of atomic oxygen (Terraz et al., 2020; Morillo-Candas, Klarenaar, et al.,
2020). The corresponding rate coefficients are given by Lépez-Puertas et al. (1986) for
vy =1 and v3 = 1 and the harmonic oscillator scaling (linear with v5 or v3) is assumed
for vo,v3 > 1. CO2-O5 VT processes are further included according to Lopez-Puertas
et al. (1986). However, for the present conditions their influence is much smaller than
the quenching by atomic oxygen.

Some of the most important reactions considered in the model are listed in Table
1 alongside with corresponding references. This is by no means an exhaustive list and
its main purpose is to guide the discussion in section 4. The reader should refer to our

publications (T. Silva, Grofulovi¢, Klarenaar, et al., 2018; Grofulovié et al., 2018; AnnuSové

et al., 2018; A. F. Silva et al., 2020) for a complete kinetic scheme. The rate coefficients
for the heavy-particle reactions involving the metastable state CO(a °II,.) are discussed
in (A. F. Silva et al., 2020). The rate coefficient for CO2 dissociation in collisions involv-
ing vibrationally excited COy(v112213) and CO(a), reaction R3c, is considered with the
same rate coefficient as for ground-state COs, reaction R3b.

The self-consistent sustaining reduced electric field, E/N, is obtained as an eigen-
value to the problem, from the requirement that, under steady-state conditions, the to-
tal rate of production of electrons in ionization events must compensate exactly their to-
tal loss rate due to ambipolar diffusion and electron-ion recombination, while respect-
ing quasi-neutrality (Guerra & Loureiro, 1997, 1999). A generic flowchart of the algo-
rithm used to couple the electron, neutral, and ion kinetics, is presented in (Guerra et
al., 2002) and an updated scheme is available at the LoKI website ( The LisbOn KlInet-
ics - LoKI, 2019).

4 Results and Discussion

This section presents and analyses the experimental and simulation results in con-
tinuous DC discharges at pressures p = 0.5-5 Torr, discharge currents I = {20,50} mA,
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Table 1. List of some important reactions mentioned in the text.
Rla | CO(a) + 03(X) - CO(X) +O(®P) + O(®P) (A. F. Silva et al., 2020)
R1b | CO(a) + O2(X) - CO(X) + O5(X) (A. F. Silva et al., 2020)
R2 | CO(a) +CO(X) - CO(X) +CO(X) (A. F. Silva et al., 2020)
R3a | CO(a) +CO2 -~ CO(X) +COq (A. F. Silva et al., 2020)
R3b | CO(a) + CO5(00°0) - CO(X) + CO(X) + O(*P) (A. F. Silva et al., 2020)
R3c | CO(a) + COo(11v213) - CO(X) + CO(X) + O(P) see text

R4 | CO(a) + OCP) - CO(X) + O(3P) (Shofield, 1979)

R5 | e+ C0O2(00°0) - e+ CO(X) + O(* D) (Grofulovi¢ et al., 2016)
R6a | e+ CO2(01'0) » e+ CO(X) + O(' D) (Grofulovié et al., 2016)
R6b | e+ CO5(0220) - e+ CO(X) +O('D) (Grofulovié et al., 2016)
R6c | e+ C0O2(10°0 +02°0) - e+ CO(X) + O(* D) (Grofulovié et al., 2016)
R7 | O"+CO(X) - e+ C0O5(00°0) (A. F. Silva et al., 2020)
R8 | e+CO(X)=e+CO(a) (Ogloblina et al., 2020)
R9 | CO(a)+ O9(X) - CO2(00°0) + O(3P) (A. F. Silva et al., 2020)
R10 | e+ C0O5(00°) - CO(X) + O~ (Grofulovié et al., 2016)
R11 | O2(b) + O(3P) - O2(X) + O(3P) (Annusova et al., 2018)
R12 | Oz(a) + wall - O5(X) (Annusova et al., 2018)
R13 | Oz(b) +wall » O2(X) (Annusova et al., 2018)
R14 | OC®P) +wall - 0.505(X) (Morillo-Candas et al., 2019)
R15 | e+ O2(X) = e+ O02(a) (Annusové et al., 2018)
R16 | e+ O2(X) = e+ O2(b) (Annusova et al., 2018)
R17 | e+ O2(X) » e+ O(P)+O(3P) (Annusova et al., 2018)
RI8 | e+ 02(X) »e+O(P)+0O(*D) (Annusova et al., 2018)
R19 | O(*D) + O2(X) - O(3P) + O2(b) (Annusova et al., 2018)

addressing: ¢) the differences induced by Earth and Mars atmospheric temperature con-
ditions in the plasma chemistry in pure COg (section 4.1); #) the influence of the am-
bient temperature on the vibrational kinetics of COq (section 4.2); 44i) the effect of the
Mars atmospheric minor constituents Ny and Ar in COg decomposition (section 4.3). The
total gas flow is ® = 7.4 sccm for i) and ii) and ® = 19.25 scem for iii).

4.1 CO; plasma chemistry at Mars and Earth temperature conditions

We first investigate the influence of the ambient temperature on the plasma chem-
istry in pure CO4 plasmas, while keeping the pressure around the Martian atmospheric
pressure. For this purpose, we compare the results obtained when the plasma is ignited
at Martian (~ 220 K) or Terrestrial (~ 300 K) ambient temperatures, in order to find
out up to which extent the results obtained on Earth at low pressure can be assumed
to be valid on Mars.

Figure 3 shows the measured and calculated values of the reduced electric field, E/N,
as a function of the gas density (V) x tube radius (R) product for currents I = 20 mA
and 50 mA. The E/N values are deduced from two independent measurements: on the
one hand, from the electric field evaluation performed by measuring the floating poten-
tial of two tungsten pins inserted in the positive column; and, on the other hand, from
the measurement of the gas temperature from which the gas density is deduced via the
ideal gas law (cf. section 2). A true statistical study of reproducibility on these two mea-
surements was not carried out and the error bars shown are only an upper value esti-
mate based on the cumulative errors of these two measurements. The corresponding val-
ues of the gas temperature, T, obtained from the FTIR measurements of the rotational
distribution of CO4 and CO, are given in Table 2. The gas heating induced by plasma
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Figure 3. Reduced electric field, E/N, as a function of the N R product, when a pure CO»
discharge is ignited at Mars and Earth background temperatures at currents I = 20 mA (left

panel) and I =50 mA (right panel): experiment (o), self-consistent calculation (—).

remains very similar for both Mars and Earth conditions and, therefore, the gas tem-
perature for all conditions is essentially shifted from Mars to Earth by an offset typically
around 70-80 K. Three notes are worth making. First, there is an excellent agreement
between measurements and simulations in Earth conditions. Second, the experimental
results show that an increase in the discharge current induces a small raise in the value
of E/N. This behavior is well captured in the simulations and is partially due to the eas-
ier ionization of CO2 as compared with CO (Ogloblina et al., 2020) and to the increase

of the dissociation of CO2 with the discharge current (see Figure 4), as discussed in (A. F. Silva

et al., 2020). Finally, the measurements further show that the Martian conditions lead
to slightly lower values of the reduced electric field than on Earth, although no notice-
able variation is found in the self-consistent calculations. These small differences in mag-
nitude between model predictions and measurements in Martian conditions suggest that
some details of the charged particle kinetics may be missing in the model, such as tem-
perature dependencies of some rate coefficients, or that improved charged-particle trans-
port data are needed. Overall, the self-consistent calculations of the reduced electric field
are in very satisfactory agreement with experiment and the results show that the model
can be used as a predictive tool when no experimental data for E/N are available. Here,
to avoid an error propagation in the analysis, the experimental values of E/N are given
as input to the simulations shown in the remainder of the paper.

The measured and calculated CO4 dissociation fractions, « = [CO]/([CO]+[CO3]),
are represented in Figure 4. To assess the role of the vibrationally excited states, the cal-
culations are performed both considering (full curves) and neglecting (dashed curves)
the vibrational kinetics in the model. Additional simulations are carried out to evalu-
ate the importance of superelastic collisions with vibrationally excited states in shap-
ing the EEDF, by giving the experimental populations of vibrationally excited CO and
CO3 molecules as input to the electron Boltzmann solver, while no vibrationally excited
states are considered in the system of rate balance equations for the heavy-particles (dot-
ted curves). There is a quite good agreement between the model predictions and the ex-
perimental data. The inclusion of the vibrational kinetics increases the calculated dis-
sociation fraction, as a result of two effects: the modifications of the EEDF due to su-
perelastic collisions with vibrationally excited CO and COg, which enhance the high energy-
tail (Ogloblina et al., 2020; Pietanza et al., 2020), and correspond to the differences be-
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Table 2. Measured gas temperature (K) deduced from rotational temperature of CO and CO,

in pure CO2 plasmas

H 20 mA H 50 mA
p (Torr) H Mars ‘ Earth H Mars ‘ Earth
05 | 309 | 390 | 380 | 430
1| 348 | 405 | 425 | 490
15 || 378 | 463 || 485 | 555
2 || 406 | 477 | 520 | 580
3 | 444 | 511 | 580 | 651
4 || 476 | 562 | 632 | 709
5 || 503 | 610 | 674 | 747
0.5 . T T R T Manrs. 0.5 - T T T T
Earth
0.4 : : B
03 [ -
=}
02 -
0.1 -
0.0 1 1 1 1 1 0.0 1 1 1 1 1
0 1 2 4 5 0 1 2 4 5

Figure 4. CO; dissociation fraction when a pure CO2 discharge is ignited at Mars and Earth
background temperatures at currents I = 20 mA (left panel) and I = 50 mA (right panel): exper-
iment (o), model calculations by including (—) and excluding (— ) the vibrational kinetics, and

by considering the influence of vibrational excited states only in the electron Boltzmann equation

(-+).
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Figure 5. Relative contribution (in %) of the main mechanisms of creation and destruction
of CO(X 'L*) when a pure COz discharge at p = 5 Torr and I = 50 mA is ignited at Mars and

Earth background temperatures. The reactions are identified in Table 1.

tween the dashed and dotted curves; the contribution of the vibrational states of COs

to dissociation by electron impact, reactions (R6), since the rate coefficients for electron-
impact dissociation from the vibrationally excited states are higher than from the ground
states, corresponding to the differences between the dotted and full curves. Note that

the fractional population of the CO2(00°0) level can be as low as 0.45 (see below), and
the corresponding dissociation rate coefficient can be up to 1.7 and 5.6 times smaller than
from the (0110) and the (0220) levels, respectively. Superelastic collisions have a promi-
nent role in all conditions. In turn, the influence of dissociation from vibrationally ex-
cited COs is quite significant on Martian conditions and is relatively small on Earth, due
to the lower values of E/N in the former case. Dissociation fractions in the range 10-
30% are observed for Martian temperature conditions, which is a promising result re-
garding the use of plasma technologies for ISRU on Mars, specially taking into account
that the present reactor was designed for fundamental studies and is far from any plasma
system to be be used in a prototype.

Figure 5 quantifies the contribution of the different creation and destruction mech-
anisms of CO(X '¥*) molecules for p = 5 Torr and I = 50 mA. Reactions R1 and R6
in the figure correspond to the total contributions identified in Table 1, R1 = Rla+R1b,
R6 = R6a+R6b+R6c. In these conditions, the relative populations of levels (00°0), (0110),
(0220) and (10°0+02°0) are 0.453, 0.254, 0.071 and 0.072, respectively. Overall, the dom-
inant mechanisms on Mars and Earth conditions are quite similar. According to the sim-
ulations, ground-state CO(X !¥*) molecules are essentially created by dissociation by
electron impact on COs(v1v52v3) molecules, mainly on the (00°0), (01'0), (0220) and
the Fermi (10°0+02°0) states (reactions R5 and R6 in Table 1), and by the quenching
of the CO(a ®I1,.) state. The latter mechanism has to be looked at with caution, as the
excitation of CO(a 3II,) from ground-state CO(X 'X*) is also one of the main processes
of destruction of CO(X 'X%), so that reactions involving only CO(X) and CO(a) do not
constitute true creation/destruction mechanisms of CO molecules, but rather redistribute
its population between the two electronic levels. Nevertheless, processes R3b and R3c
do constitue effective creation mechanisms of CO molecules from dissociation of COq in
collisions with CO(a II,) and have a significant contribution to the production of CO.
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Figure 7. Relative density of various electronically excited states and of ozone, when a pure
CO: discharge is ignited at Mars and Earth background temperatures at currents I = 20 mA (left
panel) and [ =50 mA (right panel).

Additional destruction mechanisms of CO(X '¥*) worth mentioning are the transport
by the gas flow and the electron-ion recombination reaction R7.

Figures 6-8 show, respectively, the calculated concentrations of the dominant neu-
tral species, electronically-excited states and Os, and the charged particles. The densi-
ties represented in Figure 6 are the total densities of the parent species, i.e., the sum of
the populations of all the electronically metastable states; note that for COs, CO and
O, more than 99.9% of the total population is in the ground electronic state, while for
Oz up to ~ 20% of the population can be in the Oz(a *A,,b 12;) excited states. Ex-
perimental data for COs and CO are also plotted in Figure 6.

Most species represented in Figures 6-8 follow the trend expected by a production
dictated by electron-impact dominant mechanisms (A. F. Silva et al., 2020), with a de-
crease with pressure and an increase with current, as an outcome of the lower reduced
electric field (and corresponding lower electron impact rate coefficients) and higher elec-
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at Mars and Earth background temperatures at currents I = 20 mA (left panel) and I = 50 mA

(right panel).

tron density, respectively. A noticeable and important exception to this trend is CO, whose
relative concentration remains nearly constant for pressures above ~ 1.5 Torr, although

it is mainly produced by electron impact. The increasing behavior of O is partially due
to the shift from O to O5 as the pressure increases and the associated reduction in the
total number of particles. The shift in the relative concentrations of O and Oy with pres-
sure is mainly a consequence of the increase of the recombination probability of O atoms
at the wall with pressure (Morillo-Candas et al., 2019), as surface recombination is the
main destruction mechanism of O atoms for the present conditions. The O atom den-
sities for the Earth input gas temperature are in a good agreement with the values ob-
tained in (Morillo-Candas et al., 2019). It is also worth noting that O3 is always the dom-
inant ionic species, due to the efficient charge transfer processes from CO3 and O* to

0%, namely,

Further insight into the complex coupled kinetics taking place in the plasma is given
by inspection of figures 9 and 10. Figure 9 displays the relative contribution of the dom-
inant creation and destruction mechanisms of O, for the same conditions as in Figure
5, p=>5 Torr and I =50 mA. Most of the mechanisms include the excitation from Os(X 32;)
to Oz(a 'Ay) or Oz(b '), or the de-excitation from these excited metastable states
back to ground-state. Therefore, they essentially redistribute the population among the
three O electronic states. Exceptions are the mechanisms of wall recombination of O
atoms (R14), dissociation of O (R17,R18) and dissociation due to the quenching of CO(a *I1,.)
(R1a), which, therefore, play a significant role in the kinetics.

Figure 10 depicts the relative contribution of the dominant destruction mechanisms
of the CO(a 3II,.) electronically excited state. CO(a ®II,) is predominantly quenched to
CO(X 'S%) in collisions with Oz, CO, CO2 and O, in mechanisms that do not lead to
a destruction of a CO molecule. Similarly, it is created by direct electron impact on CO(X 1¥%)
(R8). An effective destruction mechanism of CO molecules is reaction (R9), a back re-
action mechanism involving CO(a II,.) and O, giving back CO,, recently evinced by Morillo-Candas
(2019); Morillo-Candas, Guerra, and Guaitella (2020). It contributes about 1% to the

CO;+0
0" +COs
CO3 +0s

- CO+0%,
- CO+0%,
- 0024—05 .

—14—

p (Torr)

Relative density of various charged particles, when a pure COz discharge is ignited
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Figure 9. Relative contribution (in %) of the main mechanisms of creation and destruction of
02(X 32;) when a pure COs discharge is ignited at p = 5 Torr and I = 50 mA at Mars and Earth
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when a pure CO2 discharge is ignited at p =5 Torr and I = 50 mA at Mars and Earth background

temperatures. The reactions are identified in Table 1.
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Figure 11. Experimental value of the gas temperature Ty (- ¢ -), together with the measured
(symbols) and calculated (lines) vibrational temperatures of the asymmetric stretching mode T3
(e, — —) and the common temperature of the bending and symmetric modes T2 (x, —) and CO
vibrational temperature Tco (square), when a pure CO2 discharge is ignited at Mars and Earth

background temperatures at currents I =20 mA (left panel) and I = 50 mA (right panel).

destruction of the CO(a °II,) state, but its actual importance should not be underes-
timated, as it brings an exit path from the CO manifold.

It is worth noting the prevalence of processes involving electronically excited states,
Oz(a *Ay), O2(b '}), O(*D) and CO(a *IL,.), in the overall kinetics. This remark is
particularly striking for the cases of O(*D) and CO(a *I1,.), whose relative densities are
rather low, as it can be seen in Figure 7. Nonetheless, the results reveal a strong cou-
pling between the kinetics of all these electronically excited states and the parent atoms
and molecules. Similar conclusions have been drawn for oxygen plasmas in (Annusovéd
et al., 2018). A more detailed analysis of the plasma chemistry in COz-containing dis-
charges will be presented in future publications.

4.2 CO; vibrational kinetics at Mars and Earth temperature conditions

One argument advanced in (Guerra et al., 2017, 2018) in favor of ISRU on Mars
by plasmas was the increased degree of vibrational non-equilibrium that would be pro-
moted by the ambient conditions on the red planet. In appropriate discharge configu-
rations, such as radio-frequency, microwave or gliding arc discharges, it might be pos-
sible to benefit from the energy stored in the vibrational levels to enhance the energy
efficiency of COs dissociation (Fridman, 2008). In the DC glow discharges under study,
CO4, dissociation proceeds mainly by direct electron impact, with a small to negligible
contribution from purely vibrational mechanisms (Morillo-Candas, Silva, et al., 2020; Morillo-Candas,
Guerra, & Guaitella, 2020). Nevertheless, it is very instructive to verify the validity of
the conjecture in (Guerra et al., 2017, 2018), to guide the development of plasmas sources
designed for ISRU on Mars, as well as to further analyze the results in Figure 4.

Figure 11 represents the measured gas temperature, Ty, the vibrational temper-
ature of the asymmetric stretching mode, T3, the common temperature of the bending
and symmetric stretching modes, T12, and the vibrational temperature of CO, T¢o, to-
gether with the model predictions for COy “vibrational temperatures.” The CO vibra-
tional temperature is taken into account as an input parameter for the EEDF calcula-
tion, but CO vibrations are not accounted for in the chemistry module and, thus, are
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Figure 12. Measured (symbols) and calculated (lines) ratios T3/T, (—,*) and Ti2/Ty (-, )
when a pure CO3 discharge is ignited at Mars and Earth background temperatures at currents
I =20 mA (left panel) and I =50 mA (right panel).

not calculated in the model. It is worth emphasizing that the current state-to-state model
provides the populations of the individual vibrational levels of the CO5 molecules. There-
fore, the “vibrational temperatures” correspond to the fitting of the individual popula-
tions to Treanor distributions. Moreover, the fact that the bending and symmetric stretch-
ing modes can be described by a common “temperature” in these conditions is not an
imposition of the model but rather an outcome of the simulations, as also pointed out

in (Grofulovié et al., 2018). Additional details on the fitting of the individual popula-
tions to the corresponding distributions are given in (Grofulovié et al., 2018; T. Silva,
Grofulovié, Klarenaar, et al., 2018), where some vibrational distribution functions are
presented. The simulations describe satisfactorily the trend and magnitude of the ob-
served T and T3, whose values do not change significantly from a discharge ignited in
Martian or Earthly ambient temperatures. The model predicts a slightly larger vibra-
tional temperature of the asymmetric stretching mode on Mars than on Earth, that is

not confirmed experimentally. This discrepancy is likely due to the simplified vibrational
kinetics considered here concerning energy transfers between CO2 and the dissociation
products, O, Oy and CO, that only accounts for very few VT collisions of vibrationally
excited COy with O atoms and disregards collisions with Oy and CO (see section 3). In
any case, the main effects seem to be already captured with the present model. The vari-
ations of T3 with pressure and current are similar to the ones reported and discussed in
detail by Morillo-Candas (Morillo-Candas, 2019) for Earth conditions. They further con-
firm the interest of the Martian pressure range to benefit from vibrational non-equilibrium
to decompose COs.

One interesting phenomenon revealed by Figure 11 is a small increase of the de-
gree of vibrational non-equilibrium when passing from Earth to Mars, as predicted the-
oretically in (Guerra et al., 2017). This effect is more clearly exhibited in Figure 12, which
shows the ratios T3/T, and T12/T,, characterizing the degree of non-equilibrium in the
plasma (Guerra et al., 2017, 2018). It can be verified that the common temperature of
the bending and symmetric stretching modes remains always nearly in equilibrium with
the gas temperature. On the contrary, the asymmetric stretching mode, of major inter-
est for vibrationally-driven dissociation (Fridman, 2008), is clearly out of equilibrium,
with a bigger departure from equilibrium in Martian conditions than on Earth, but only
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Figure 13. Reduced electric field, E/N, as a function of the N R product, measured when
pure COz (o) and 96%CO2-2%Ar-2%N> (o) discharges are ignited at Mars and Earth background
temperatures at currents I =20 mA (left panel) and I =50 mA (right panel).

for the lower current, I = 20 mA. In this case, the ratio 75/, is always 25-30% higher
on Mars than on Earth. This behavior is the outcome of the enhanced up-pumping along
the asymmetric stretching mode as the temperature decreases,

CO5(00°v3) + CO2(00°04) = CO2(00° (v + 1)) + CO2(00° (v - 1)) ,

since in the present temperature domain this VV interaction is dominated by long-range
attractive forces (Pack, 1980), and of the decrease of the deactivation in VT mechanisms,
dominated by short range repulsive forces. A somewhat similar effect is predicted from
the model for I = 50 mA but is not confirmed experimentally. As noted above, these
differences might stem from the simplified vibrational kinetics included in the model.

4.3 Synthetic Martian atmosphere

This section addresses the experimental investigation of the influence of the minor
constituents of the Martian atmosphere, Ar and Ns, on the plasma properties and COq
decomposition. Experiments are carried-out in pure CO5 and in 96%CO2-2%Ar-2%No
plasmas, with a gas flow ® =19.25 sccm, ignited both in Mars and Earth input gas tem-
peratures. It has been speculated that the presence of traces of Ar and Ny could be ben-
eficial for the production of oxygen and carbon monoxide by enhancing CO5 plasma dis-
sociation (Guerra et al., 2017, 2018), but no experimental evidence has been presented
to date.

The measured values of the reduced electric field are shown in Figure 13, the tem-
peratures Ty, Tho and T3 in Figure 14, the temperature ratios T5/T,, Th2/T, and T3/T12
in Figure 15, and the dissociation fraction « in Figure 16. Figures 13-15 indicate that
the presence of Ar and Ny in the Martian atmosphere has a negligible effect on the re-
duced field and on the vibrational temperatures, maintaining a significant degree of non-
equilibrium. Even though, a small but consistent positive influence on the production
of CO from COs is visible in Figure 16, despite some fluctuation of the results and the
outlier data on Earth at p <2 Torr and I =50 mA. It is worth noting that the decom-
position here is lower than what is reported in figure 4. This is due to the lower residence
times of the gas in the plasma, which decrease ~3 times as the flow increases.

The reasons for a favorable effect of traces of Ny and Ar in COs decomposition are
most likely due to the modifications induced by Ar and Ny in the EEDF and by the small
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Figure 14. Experimental values of the gas temperature Ty (e, ), the vibrational tempera-
ture of the asymmetric stretching mode T3 (e, 0) and the common vibrational temperature of the
bending and symmetric modes T2 (x,*) and CO vibrational temperature Tco (m,0), when pure
CO2 (—, closed symbols) and 96%CO2-2%Ar-2%N> (---, open symbols) discharges are ignited at
Mars background temperature at currents I = 20 mA (left panel) and I = 50 mA (right panel).
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Figure 15. Experimental values of the ratios T5/T, (*, ») and Th12/Ty (e, o), when pure CO2
(—, closed symbols) and 96%CO2-2%Ar-2%N> (-, open symbols) discharges are ignited at Mars
background temperature at currents I = 20 mA (left panel) and I = 50 mA (right panel).
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Figure 17. Electron Energy Distribution Functions calculated for the experimental values of
E/N, Ti2, T3 and Tco at p = 3 Torr (left panel) and p = 5 Torr (right panel), I = 50 mA, and
Mars input gas temperature, for pure CO2 (—) and 96%CO2-2%Ar-2%N, (—).
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variations in F/N. Figure 17 shows the EEDF's calculated for the experimental condi-
tions of reduced field, F/N, common vibrational temperature of the symmetric stretch-
ing and bending modes, T}2, vibrational temperatures of the asymmetric stretching mode,
T3, and of CO, T¢p, for a discharge ignited at Mars background temperature, current

I = 50 mA and pressures p = 3 Torr and p = 5 Torr, in pure CO2 and in a synthetic
Martian atmosphere 96%CO2-2%Ar-2%N5. The vibrational temperature of Ny was as-
sumed to be the same as Tco. Figure 17 shows an enhancement of the tail of the EEDF
for the Martian mixture in the region of energies around 7 eV, the energy threshold for
dissociation (Polak & Slovetsky, 1976; Grofulovié et al., 2016), which leads to a higher
electron impact dissociation rate coefficient. The effect is specially noticeable for p = 5 Torr,
where the observed increase in the dissociation fraction is higher, and is due to the dif-
ferences in the cross sections between the different gases and to a small increase in the
values of E/N when passing from pure COs to COz-Ar-Ny (from 41.9 Td to 42.5 Td at

3 Torr, and from 35.3 Td to 41.1 Td at 5 Torr). Two subtle but identifiable positive ef-
fects are the presence of Ar, that shifts the EEDF to higher energies (Janeco et al., 2015),
and the vibrational temperature of Ny, that enhances the high energy tail via electron
superelastic collisions with vibrationally excited nitrogen.

Another possibility for a positive influence of Ny would be the transfer of vibra-
tional energy from nitrogen to the asymmetric stretching mode of CO5 and the enhance-
ment of dissociation via the purely vibrational mechanism (Fridman, 2008). Notwith-
standing, the measured vibrational temperatures are not significantly affected and, in
addition, the purely vibrational mechanism does not seem to play a significant role in
the present conditions. Note, however, that the measured vibrational “temperatures”
are only representative of the populations of the lower vibrational levels and do not bring
any information regarding the populations of the higher ones, which may deviate from
equilibrium Boltzmann distributions and be modified by the presence of Ny. A positive
effect of Ny addition was also observed in experiments by (Grofulovié¢ et al., 2019; Ter-
raz et al., 2020), reinforcing the suggestion from Figure 17 that the answer to why the
CO yield is higher in synthetic Martian atmosphere than in pure CO2 plasmas may lay
in the CO3-Ns kinetics. Further research is necessary to elucidate the origin this effect.

5 Conclusions

This work presents an experimental and modeling investigation on the potential
of low-temperature plasmas for in situ resource utilization (ISRU) on Mars. The research
focus on the decomposition of COs, which is freely abundant in the Martian atmosphere
and creates the building blocks for the local production of oxygen and fuels.

DC glow discharges operating at pressures in the range 0.5-5 Torr are ignited in
pure CO> and in a synthetic Martian atmosphere composed of 96%CQO2-2%Ar-2%No,
discharge currents I = 20 — 50 mA, with the input gas either at Martian (~ 220 K) or
Terrestrial (~ 300 K) temperatures. The CO2 and CO vibrational temperatures and the
CO and CO4 concentrations are measured, providing an experimental characterization
of plasmas created in conditions realistically mimicking the atmosphere of Mars.

In the system under study, CO; is essentially decomposed by direct electron im-
pact, both on molecules in the vibrational ground-state (00°0) and in vibrational excited
states. The contribution of the latter sates comes mainly from the lower-laying levels (0110),
(0220) and (10°0+02°0), with several other levels having contributions of a few percent.
Dissociation fractions up to 30% are observed, a very encouraging result considering that
the present setup is designed for fundamental studies and is far from suited for the de-
velopment a prototype.

The plasma chemistry is significantly influenced by electronically excited states,
such as Oz(a 'Ay), O2(b 'S}), O(* D) and CO(a *II,.). Therefore, a full control and op-
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timization of the plasma requires a detailed understanding of the strongly coupled ki-
netics of these states.

The results confirm that the Martian conditions of temperature and pressure pump
the asymmetric stretching vibration mode and lead to a stronger degree of non-equilibrium
than on Earth, believed to have a positive influence in dissociation (Fridman, 2008). For
the current discharge configuration, dissociation is driven by electron impact and the con-
version factor at low temperature is slightly lower than at room temperature. Neverthe-
less, vibrational kinetics has a very significant influence in dissociation as a result of elec-
tron superelastic collisions with vibrationally excited CO and CO5 molecules, that mod-
ify the electron energy distribution function and lead to an increase of the electron im-
pact dissociation rate coefficients and, accordingly, of CO production. Atomic oxygen
is a strong quencher of vibrationally excited CO2 and has also an important effect in shap-
ing the vibrational distribution functions.

The new experimental data corroborate the conjecture of a positive effect of the
Martian atmospheric composition on dissociation advanced in paper (Guerra et al., 2017,
2018). This behavior is most likely related to modifications in the electron kinetics in-
duced by the presence of nitrogen and argon and the associated enhanced dissociation
by electron impact.

Despite the beneficial effects of the low ambient temperature and of the presence
of Ar and Ns in the Martian atmosphere, their impact on COy decomposition is rela-
tively small. Indeed, the results obtained for Mars and Earth background temperatures,
as well as for pure CO5 and for the synthetic Martian atmosphere, are rather similar in
what concerns the identification of the main creation/destruction mechanisms and all
the trends observed. Thus, knowledge on the energy-transfer pathways acquired on Earth
can, to a very considerable extent, be transposed to Mars.

The present results establish experimental evidence of the feasibility of oxygen and
propellant production by plasma decomposition of COy from the Martian atmosphere
and suggest the possible development of more sophisticated setups that can take fully
advantage of non-equilibrium and/or promote dissociation by electron impact. Future
research should concentrate on the design and optimization of robust and efficient plasma
sources and on the procedure to separate Oy from the other dissociation products. Re-
cent proposals for product separation include the use of silver membranes by Premathilake
et al. (2019) and a new electrochemical membrane reactor presented in (A. P. H. Goede,
2018; Pandiyan et al., 2019).

Finally, it is worth noticing that emerging plasma technologies for CO4 reforming
on Earth are already expected to be competitive with solid oxide electrolysis (SOEC)
(van Rooij et al., 2015; den Harder et al., 2017; Boagerts & Neyts, 2018), the technol-
ogy proposed in NASA’s MOXIE program. Therefore, a plasma-electrochemical process
will most certainly be a viable alternative to SOEC for oxygen production on Mars. In
fact, the efficiency of SOEC is likely to decrease as compared to that on Earth, because
extra energy is necessary to compress the gas up to 1 atm, pre-heat it up to 1100 K and
cool down the exhaust stream (Hecht et al., 2014; Hecht & Hoffman, 2016). Furthermore,
sophisticated thermal insulation systems are mandatory. In turn, the efficiency of plasma
dissociation of CO2 on Mars is likely to increase as compared to that on Earth, due to
the beneficial effects demonstrated in this paper and the absence of vacuum pumps. A
conservative estimation can be made as follows. Consider a thermodynamic value of ~
50% energy efficiency for gas phase dissociation, as reached recently by den Harder et
al. (2017), marginally amplified by the interaction with catalytic walls and membrane
to about 55%. At 300 W it corresponds to the production of 35g of O per hour, at an
energy cost of 10 eV/molecule. A decrease in performance of about 50%, to account for
unexpected difficulties and the uncertainties of development of a new technology, brings

these numbers to approximately 20 g of Os per hour, at an energy cost of 18 eV per molecule
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and 31% energy efficiency. These rather prudent values outperform the most optimistic
predictions of MOXIE by 100% and bring further evidence in favor of the plausibility
and significance of plasma ISRU on Mars as a complementary technology to SOEC.
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