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In the ternary mixture of 95.7% CO2+ 2.69% N2+ 1.59% Ar with various dust loads representing the
Martian atmosphere, ionization, attachment, electron mean energies and electron drift velocities are
numerically calculated by a two-term Boltzmann equation analysis at Ls = 270◦. The attachment co-
efficient defined carries dissociative attachment collisions of the CO2 component in the ternary mixture
together with electron attachment to uncharged dust grains in the dusty storm season. The limiting
E/N values for the critical condition where ionization rates are balanced by attachment collisions in
the low pressure plasma (E is the electric field produced by the dust storm and N is the total number
density of gas molecules in the ternary mixture) are evaluated for various dust loads. The limiting E/N
increases as a function of dust grain size and the effect is more pronounced for dust loads with higher
grain densities.

topics: martian atmosphere, electrical discharge, electron swarm properties, limiting electrical field,
transport properties

1. Introduction

In situ measurements of electrical fields in the
Martian atmosphere is not available up to date, al-
though attempts, including the recent crash down
of the Schiaparelli lander, which was supposed to
search electrical effects in the Martian atmosphere
with dust devils, have been made [1]. It is ex-
pected that dust storms in Mars may produce
electric fields of high magnitude. Desert field
tests, simulations and measurements carried out
for terrestrial dust storms indicate that in the low
pressure atmosphere of Mars, ambient breakdown
strength of can be reached due to contact electrifi-
cation of the dust grains producing the dust storm
electrical field [2–6].

Critical field, E in a dusty low pressure CO2 at-
mosphere has been defined before by setting the
electron source term equal to the dust loss term [7].
If the electrical field produced by the dust storm
is lower than the critical field, the dust uncharged
in the storm is absorbing the electrons faster than
electron impact ionizations and electron avalanche
initiation is not possible. At the critical E field,
the rate of electron absorption due to dust is equal
to ionization rate and any E field value above the
critical E field will result in avalanche initiation
due to the increased number of ionization collisions.
However, in the previous work of the authors [7],

the attachment process due to dissociative attach-
ment of CO2 is ignored and avalanche growth is
only controlled by uncharged dust electron absorp-
tion. The recent work of the authors defines dust
devil avalanche model for the first time in literature
which includes the dissociative attachment process,
and recombination loss at high electric fields with
the main interest focused on the evolution of the
primary gaseous chemical species involved in the
electrochemistry [8].

Experimental results carried out in 5 Torr of
CO2 gas sample with insulating mesh sheets placed
between electrodes to simulate dust absorption of
free electrons, demonstrate that there is a reduc-
tion in the electron avalanche current together with
increased spark discharge electric field compared
to the case of dust free CO2 sample at the same
pressure and gap setting [9]. The experimental
findings of [9] also support the free electron loss
due to electron absorption of uncharged dust in
the dust storm.

Meteorological and seasonal phenomena in Mar-
tian atmosphere change concentration, dust density,
and electrical fields in the atmosphere. Experimen-
tal and theoretical studies examining the effect of
these changes on atmospheric electrical properties
provide important findings in terms of design and
optimization of devices used in Martian exploration
missions [10, 11].
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TABLE ISeasonal changes in the mixtures
of Martian atmosphere [10].

Ls Specificities CO2 [%] N2 [%] Ar [%]

0◦ northern hemisphere
spring equinox

95.67 2.68 1.59

71◦
aphelion (largest
Sun–Martian distance)

86.14 8.67 5.14

90◦
northern hemisphere
summer solstice

81.83 11.35 6.74

180◦
northern hemisphere
autumn equinox
(dust storm season begins)

89.47 6.59 3.91

251◦
perihelion (smallest
Sun–Martian distance)
(dust storm season)

95.70 2.68 1.59

270◦
northern hemisphere
winter solstice
(dust storm season)

95.70 2.69 1.59

The aim of the present paper is to evaluate crit-
ical E/N values in the mixture of CO2 + N2 + Ar
representing the Martian atmosphere, where E is
the electric field produced by the dust storm and
N is the total number density of gas molecules in
the ternary mixture. The critical E/N value is the
limiting field at which ionization and attachment
rates equal to each other. The gas concentrations
in the atmosphere vary depending on the proximity
of Mars to the sun as can be seen from Table I [12].

The gas concentration in the atmosphere of Mars
varies according to the distance and angle between
the sun and Mars, the dust storm season and the
location of the sample. The ratios used by Garcia-
Cosio et al. [13] others for DC discharge experi-
ments on Mars ionosphere are 95.3%, 2.7%, and
1.6% for CO2, N2 and Ar, respectively. Trainer et
al. [14] accepted the rates of 95.1% (±0.3), 2.59%
(±0.06), 1.94% (±0.04) for CO2, N2 and Ar, respec-
tively, at the Gale Crater as characteristic concen-
tration data. This study concentrates on the elec-
trical swarm parameters of the Martian atmosphere
during the dust storm season, the ratios used in the
study of Noguchi et al. [12], in which the concentra-
tion change in the Martian atmosphere in this pe-
riod is described in detail and continuously. In this
work, the ratios of CO2, N2, and Ar in the ternary

mixture are 95.7, 2.69, and 1.59 respectively corre-
sponding to the dust storm season at Ls = 270◦.

The limiting E/N with the unit of Td (1 Td =
10−21 V m2), namely townsend, is the critical field
value at which the ionization rate and attachment
rate in plasma are balanced. Therefore, the corre-
sponding reduced effective ionization coefficient (α–
η)/N should be zero. The effective ionization coef-
ficient is calculated from the Townsend ionization
coefficient α and the electron attachment coefficient
η. α and η are evaluated from the ionization and at-
tachment rate coefficients which are calculated from
electron energy distributions based on the respec-
tive collision cross-section sets of ionization and at-
tachment and number densities of all components in
the gas mixture. The effective ionization coefficient
is simply defined as αeff = (α− η), and η is greater
than α due to the dominant attachment processes
for E/N lower than the (E/N)limit. Therefore, ef-
fective ionization coefficient will assume negative
values and avalanche initiation and growth will not
be possible at E/N lower than the (E/N)limit.
Theoretical calculations and experimental measure-
ments of effective ionization coefficients in various
gases at E/N lower than the limiting field and eval-
uation of the limiting fields have been reported in
literature before by many researchers and by the
present authors [15–18]. The E/N values higher
than the limiting E/N will result in the initiation
and growth of an electron avalanche.

In the present paper attachment collisions are
governed by the dissociative attachment collision
cross-section of the CO2 component in the ternary
mixture together with the presented electron ab-
sorption collision cross-section of the dust load for
various grain sizes and densities.

2. Calculation method

The swarm parameters of the CO2, N2 and argon
gas mixtures investigated in this study are numeri-
cally calculated using the numerical solutions of the
Boltzmann equation with the two-term approach.
Numerical solutions depend on the two-term exten-
sion of the electron energy distribution function,
which is solved by the finite difference method as
given as [19, 20]:
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where e and m are the electron charge and mass.
M is the molecular mass, f is the electron energy
distribution function, α, η and α − η are the ion-
ization, attachment, and effective ionization coeffi-
cients, respectively. E is the applied electrical field
intensity, and N is the total number density of the
molecules in the gas mixture. Qm, Qv, Qex, Qa,
and Qi are the electron collision cross-section of mo-
mentum transfer, vibration, excitation, attachment,
and ionization, respectively. kCO2

, kN2
and kAr ex-

press the CO2 ratio, N2 ratio and argon ratio in the
mixture, respectively. Therefore, electron collision
cross-sections of the ternary mixture are defined as:

Qm mix = kCO2
QmCO2

+ kN2
QmN2

+kArQmAr, (2)

Qv mix = kCO2QvCO2 + kN2QvN2 , (3)

Qex mix = kCO2
QexCO2

+ kN2
QexN2

+kArQexAr (4)

Qa mix = kCO2
QaCO2

(5)

Qi mix = kCO2QiCO2 + kN2QiN2

+kArQiAr (6)

Qem = Qm mix +Qν mix +Qex mix

+Qa mix +Qi mix (7)

The sum of these sections (Qem) is the momen-
tum transfer effective collision section. Further-
more, in (1), εν , εex, and εi are the corresponding
threshold energies of the vibration, excitation, and
ionization collision cross-sections, respectively. Af-
ter an ionization collision process, the remaining en-
ergy is shared equally between the primary and sec-
ondary electrons by assuming ∆ to be equal to 0.5.
In (1), the kinetic energy of an electron at u is de-
fined as:

ε =
1

2
mu2. (8)

The electron drift velocity W , the reduced ion-
ization coefficient α/N and the reduced attach-
ment coefficient η/N are calculated, respectively,
using (9)–(12). The effect of dust is included to
the attachment coefficient by adding the term cal-
culated by (10), where nd is the uncharged dust
grain density and rd is the radius of a single dust
grain in the collisional plasma [7].
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The collision cross-sections for CO2 are given
by [21]. N2 collision cross-section set given by [22]
is used. Argon collision cross-sections employed are
presented by [23] and [24].

3. Results and discussions

In the present paper density normalized ioniza-
tion coefficient, attachment coefficients, and elec-
tron mean energies and drift velocities are given as
a function of E/N . The reduced ionization coef-
ficients in CO2 calculated by Boltzmann equation
analysis are compared with the Boltzmann [25, 26]
and experimental results in the literature [27, 28],
as shown in Fig. 1. The evaluated α/N agree very
well with those of the experimental and theoretical
values.

Figure 2 shows the change of reduced attachment
coefficient in CO2 as a function of E/N . The results
are consistent with the reported experimental and
theoretical results in the literature in the E/N in-
terval of the present investigation.

The reduced effective ionization coefficient in
CO2, which is the difference of reduced ionization
coefficient and reduced attachment coefficient, is
presented in Fig. 3. Compared with the theoretical
and measurement results in the literature, the eval-
uated values are compatible with the reported val-
ues. The inset in the figure covers the E/N interval
from 100 Td to 20 Td. As can be seen in Fig. 3, the
effective ionization is zero in the vicinity of 78 Td
and the evaluated critical field which is the lim-
iting E/N is in agreement with the experimental
values of [29].

Fig. 1. The reduced ionization coefficients in CO2:
[25] Boltzmann results (4), [26] Boltzmann results
(♦), [27] experimental results (�), [28] experimental
results, (©), present results (solid line).
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Fig. 2. As in Fig. 1, but for the reduced attach-
ment coefficients in CO2.

Fig. 3. The reduced effective ionization coeffi-
cients in CO2 [29] experimental results (4), [29]
Magboltz results (O), [29] Bolsig+ results (•), [30]
experimental results (�), [26] Boltzmann results
(N), present results (solid line).

The electron drift velocity evaluated in CO2 is
given in Fig. 4, as a function of E/N . As shown
in Fig. 4, the value of the electron drift velocity
increases as E/N increases. There is reasonable
agreement with those of the experimental measure-
ments in the E/N range of present investigation.

In Fig. 5, electron drift velocity in the Martian
atmosphere at Ls = 270◦ is shown together with
the drift velocity of CO2. It can be observed in
Fig. 5 that the drift velocity in the ternary mix-
ture follows the same trend as a function of E/N
compared to the drift velocity in CO2, although the
evaluated values in the ternary mixture are lower in
the E/N range.

The electron mean energies in pure CO2 and in
the Martian atmosphere at Ls = 270◦ are shown in
Fig. 6. Both of the curves have the same trend as a
function of E/N although the mean energy in the
ternary mixture assumes higher values in the E/N
interval of the present paper.

Fig. 4. Electron drift velocity in CO2, [31] experi-
mental results (4), [32] Boltzmann results (©), [25]
Boltzmann results (�), present results (solid line).

Fig. 5. The electron drift velocity in pure CO2 and
Martian atmosphere at Ls = 270◦.

Fig. 6. The electron mean energy in pure CO2 and
Martian atmosphere at Ls = 270◦.
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Fig. 7. The reduced ionization coefficients in pure
CO2 and Martian atmosphere at Ls = 270◦.

Fig. 8. The reduced attachment coefficients in the
Martian atmosphere with the dust grain density of
5×106 m−3 at Ls = 270◦ (red line rD = 5×10−6 m,
green line rD = 15 × 10−6 m, blue line rD = 25 ×
10−6 m, magenta line rD = 40× 10−6 m).

Dust storms in the Martian atmosphere begin
with the autumn equinox (Ls = 180◦; northern
hemisphere autumn equinox) in the Arctic and
dust storms continue until the first spring equinox
(Ls = 360◦). The reduced ionization coefficients in
the Martian atmosphere at Ls = 270◦ is shown
in Fig. 7 together with the ionization coefficient
evaluated in CO2. It can be seen in Fig. 7 that
the variation of the ionization coefficient as a func-
tion of E/N for both curves has the same trend.
The ionization coefficient evaluated in the Martian
atmosphere is higher compared to that of CO2 for
E/N greater than 80 Td.

The dust phenomenon from dust storms in the
Martian atmosphere directly changes the attach-
ment coefficient, but the change in ionization co-
efficient is not present. Therefore, the ionization
coefficient is given for dustless condition.

Fig. 9. The reduced attachment coefficients in the
Martian atmosphere with the dust grain density of
24× 106 m−3 at Ls = 270◦.

Since the aim of the present paper is to analyse
the effect of the dust load on the limiting E/N ,
a systematic analysis with various dust loads are
considered for different dust grain sizes at a given
grain density. The electron absorption of an un-
charged dust grain is considered as an attach-
ment mechanism with the presented collision cross-
section defined by the grain radius and grain den-
sity. Hence the attachment coefficient η/N eval-
uated carries dissociative attachment collisions of
the CO2 component in the ternary mixture together
with electron attachment to uncharged dust grains
in the dusty storm season.

The reduced attachment coefficients in the Mar-
tian atmosphere with the dust grain density of
5 × 106 m−3 at Ls = 270◦ is shown in Fig. 8.
The attachment coefficient increases with increas-
ing radius of the dust grain in the E/N range of
30–50 Td, however the contribution of the dust load
is negligible above 50 Td as can be seen from the
inset in Fig. 8.

As the dust grain density increases, the attach-
ment coefficient increases at a given E/N and given
grain radius as can be observed in Figs. 9–14 in
the investigated E/N range from 30 Td to 200 Td.
All the η/N curves in the figures assume a peak
value in the vicinity of 120 Td and for E/N above
120 Td reduction in the attachment coefficient is ob-
served. The variation in the attachment coefficient
as a function of E/N is due to the energy depen-
dent dissociative attachment collision cross-section
of the CO2 component in the ternary mixture.

From the attached curves in Figs. 8–14 it can
be seen that at a given dust grain density the at-
tachment coefficient increases as the dust grain ra-
dius is increased. The response to the dust load
is more pronounced with increasing grain density
since the collision cross-section of electron absorp-
tion presented to the incoming electrons increases
with dust grain density. In the present paper,
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Fig. 10. The reduced attachment coefficients in
the Martian atmosphere with the dust grain den-
sity of 50× 106 m−3 at Ls = 270◦.

Fig. 11. The reduced attachment coefficients in
the Martian atmosphere with the dust grain den-
sity of 100× 106 m−3 at Ls = 270◦.

Fig. 12. The reduced attachment coefficients in
the Martian atmosphere with the dust grain den-
sity of 140× 106 m−3 at Ls = 270◦.

Fig. 13. The reduced attachment coefficients in
the Martian atmosphere with the dust grain den-
sity of 200× 106 m−3 at Ls = 270◦.

Fig. 14. The reduced attachment coefficients in
the Martian atmosphere with the dust grain den-
sity of 300× 106 m−3 at Ls = 270◦.

Fig. 15. The representation of finding the limiting
electrical field in the Martian atmosphere with the
dust grain density of 50× 106 m−3 at Ls = 270◦.
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Fig. 16. The representation of finding the limiting
electrical field in the Martian atmosphere with the
dust grain density of 140× 106 m−3 at Ls = 270◦.

Fig. 17. The representation of finding the limiting
electrical field in the Martian atmosphere with the
dust grain density of 300 × 106 m−3 at Ls = 270◦.
The same colours are used for the same conditions
as in Fig. 16.

dust grain densities are considered as 5 × 106 m−3,
24× 106 m−3, 50 × 106 m−3, 100× 106 m−3, 140×
106 m−3, 200 × 106 m−3, and 300 × 106 m−3 with
the grain radius varying from 0.75 × 10−6 m to
40× 10−6 m. In the parameter range of the present
paper, it is observed that for grain size less than
a radius of 5 × 10−6 m, the dust load effect is not
significant in the calculations and attachment coeffi-
cient is mainly governed by dissociative attachment
collisions.

The reduced ionization coefficient and the re-
duced attachment coefficient are plotted in a sin-
gle graph as a function of E/N at the given dust
load condition and then the E/N value at the point
where their intersect is obtained. The intersection
point yields the critical E/N value known as the
limiting E/N at which the effective ionization coef-
ficient is zero since α/N = η/N . The representation

TABLE II

The limiting electrical field, the electron mean energy
and the electron drift velocity in the Martian atmo-
sphere with typical dust grain radius and density at
Ls = 270◦.

rD

[µm]
E/Nlimit

[Td]
ε [eV]

W

[104 m/s]
E/Nlimit

[Td]
ε [eV]

W

[104 m/s]
nD = 5× 106 m−3 nD = 50× 106 m−3

0.75 81.98 3.6840 9.5882 81.98 3.6837 9.5882
2 81.98 3.6840 9.5882 81.99 3.6842 9.5890
5 81.99 3.6842 9.5890 82.03 3.6853 9.5919
10 82.00 3.6845 9.5897 82.19 3.6898 9.6040
15 82.03 3.6853 9.5920 82.44 3.6967 9.6227
25 82.11 3.6876 9.5980 83.22 3.7181 9.6810
40 82.31 3.6931 9.6129 84.98 3.7662 9.8121

nD = 140× 106 m−3 nD = 300× 106 m−3

0.75 81.99 3.6842 9.5890 81.99 3.6842 9.5890
2 82.01 3.6848 9.5905 82.03 3.6853 9.5920
5 82.13 3.6881 9.5995 82.29 3.6925 9.6114
10 82.55 3.6997 9.6309 83.17 3.7168 9.6773
15 83.23 3.6939 9.6136 84.55 3.7553 9.7824
25 85.24 3.7733 9.8314 88.36 3.8573 10.0613
40 89.39 3.8848 10.1366 95.49 4.0447 10.5756

of finding the limiting electrical field in the Mar-
tian atmosphere with different grain densities at
Ls = 270◦ is shown in Figs. 15, 16, and 17, respec-
tively. The arrows in the respective figures point
out the limiting electrical field.

The limiting electrical fields evaluated in the Mar-
tian atmosphere with typical dust loads of various
densities at Ls = 270◦ are given in Table II together
with the corresponding electron mean energies and
drift velocities. It can be observed from this table
that as dust grain density increases, the limiting
electrical field increases at a given grain size for par-
ticular radius greater than 5 µm. The effect of the
dust load is more pronounced for larger dust grains
with higher densities. In Table II, dust grain den-
sity of 140 × 106 m−3 corresponds to the expected
dust storm density calculated using the MER opti-
cal data reported by [33].

4. Conclusions

The ionization and attachment coefficients, elec-
tron mean energies and electron drift velocities are
evaluated as a function of reduced E/N in the
95.7% CO2 + 2.69% N2 + 1.59%Ar ternary mix-
ture representing the Martian atmosphere at dusty
storm season (Ls = 270◦). The attachment coeffi-
cient for various dust loads are evaluated consider-
ing dissociative attachment mechanism in the CO2

component of the ternary mixture together with
electron attachment to uncharged dust grains. The
limiting E/N values are evaluated for various dust
loads in the ternary mixture.

The limiting E/N is an important parameter for
the initiation of electron avalanche growth, which
may turn into a Townsend spark discharge or even
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Fig. 18. The limiting electrical field in the Martian
atmosphere with different dust grain radius and
density at Ls = 270◦.

under favourable conditions of space charge field
built up supporting the dust storm electric field,
may evolve into a streamer discharge.

It can be observed in Fig. 18 that the limiting
E/N increases as the dust grain size increases and
the effect is more pronounced for dust loads with
higher grain densities.

Whichever the type of discharge is, corona, par-
tial, Townsend or streamer, the limiting E/N eval-
uated with typical dust loads yields the condition of
avalanche initiation which can result in breakdown
and damage to hardware, and instrumentation of
landers and rovers. It is generally accepted that
electrical discharge is one of the risks for the lan-
ders and rovers [34].

The swarm data presented can help for possible
implications for instrumentation and insulation de-
sign of future missions. Furthermore, electrical dis-
charge is considered as a possible source for methane
production on Mars [35].
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