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Abstract: Electrification represents a fundamental process in planetary atmospheres, widespread in
the Solar System. The atmospheres of the terrestrial planets (Venus, Earth, and Mars) range from thin
to thick are rich in heavier gases and gaseous compounds, such as carbon dioxide, nitrogen, oxygen,
argon, sodium, sulfur dioxide, and carbon monoxide. The Jovian planets (Jupiter, Saturn, Uranus,
and Neptune) have thick atmospheres mainly composed of hydrogen and helium involving. The
electrical discharge processes occur in the planetary atmospheres leading to potential hazards due to
arcing on landers and rovers. Lightning does not only affect the atmospheric chemical composition
but also has been involved in the origin of life in the terrestrial atmosphere. This paper is dealing with
the transport parameters and the breakdown voltage curves of the gas compositions representing
atmospheres of the planets of the Solar System. Ionization coefficients, electron energy distribution
functions, and the mean energy of the atmospheric gas mixtures have been calculated by BOLSIG+.
Transport parameters of the carbon dioxide rich atmospheric compositions are similar but differ
from those of the Earth’s atmosphere. Small differences between parameters of the Solar System’s
outer planets can be explained by a small abundance of their constituent gases as compared to the
abundance of hydrogen. Based on the fit of the reduced effective ionization coefficient, the breakdown
voltage curves for atmospheric mixtures have been plotted. It was found that the breakdown voltage
curves corresponding to the atmospheres of Solar System planets follow the standard scaling law.
Results of calculations satisfactorily agree with the available data from the literature. The minimal
and the maximal value of the voltage required to trigger electric breakdown is obtained for the
Martian and Jupiter atmospheres, respectively.

Keywords: planetary atmospheres; electrical discharges; lightning; space-flight hardware

1. Introduction

Space missions brought new insights into the atmospheres of the Solar System planets
representing an active field of research [1–7]. One of the major risks to instrumentation of
rovers and landers is electrification in planetary atmospheres causing failure of numerous
landing attempts [8–10]. To prevent the impact of electrical discharges, designs of electrical
components on spacecrafts should be relied on breakdown voltage curves of the gas mixture
representing atmospheric compositions [11,12]. Thus, studies of the electrical phenomena
that occur in the planetary atmospheres are essential for designing space-flight hardware.

In spite of the fact that lightning played a crucial role in the origin of life [13,14],
understanding lightning strikes in the solar system are still incomplete [15]. Since the first
detection of lightning in the Earth’s atmosphere. [16,17], proofs of lightning and lightning-
related transient luminous events in the atmospheres of Jupiter, Saturn, Uranus, and
Neptune have been reported and modeled [18–24]. Electrical activities in the Martian and
Venusian atmospheres are also recorded, but there are not completely confirmed [25,26].
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Based on opposite evidence about lightning detection in Venus atmosphere [27–31] it was
suggested that plasma instabilities could be the cause of whistler wave observed by Venus
orbiter rather than lightning.

Despite numerous papers devoted to calculations of the electric breakdown threshold
in Venus, Earth, Mars, Jupiter, and Saturn [32–34], some aspects still remain unclear.
Atmospheric electricity present in all Solar System gaseous giants can be also detected
in extrasolar planets [33]. Observation of extraterrestrial lightning is limited primarily
by existing detection techniques [34]. For triggering electrical discharge an electron field
is required to accelerate free electrons throughout the atmosphere gas composition. In
collisions with other gas particles, electrons gain enough energy to produce an electron
avalanche. The critical electric field necessary for this depends on the gas composition of
the atmosphere. Lightning is detected or indirectly inferred on most of the cloud-carrying
solar system planets. It was found that cloud particles or droplets trigger such transient
discharges in planetary atmospheres [35]. The Venusian and Martian atmospheres are
predominantly rich in carbon dioxide, while nitrogen and oxygen comprise the majority of
Earth’s atmosphere. The atmospheres of Jupiter and Saturn are mainly formed by hydrogen
and helium with clouds formed of ammonia, ice particles, ammonium hydrosulfide, and
water droplets. The energy that sustains atmospheric convection on gaseous giant planets
comes from the inner part of the planet instead of from the Sun leading to differences
between lightning produced in giant gaseous planets and terrestrial lightning. It was
estimated that Jovian and Saturnian lightning strokes could be 4 orders of magnitude
stronger as compared to the terrestrial atmospheric discharges [36–41]. Some new findings
suggest that there are also flashes with lower energy [42].

In this paper, we study the breakdown voltage curves and transport parameters for
gas mixtures representing the compositions of the atmospheres of the terrestrial and the
Jovian planets. Calculations were performed by using BOLSIG+ code [43–45] to calculate
Townsend coefficients for the atmospheres of all the Solar System planets, except for Mer-
cury whose atmosphere is extremely thin and unstable. The ionization coefficients, mean
energies, and electron energy distribution functions are calculated for the reduced field in
the range from 10 to 1000 Td. Based on the fit of the reduced effective ionization coefficients,
the breakdown voltage curves have been plotted. and the minimum breakdown voltage
values have been estimated. Coefficients derived from the exponential fit accurately predict
the minimum voltages for each atmospheric gas mixture.

2. Method

For this study, calculations were carried out by using BOLSIG+, a user-friendly com-
puter program for solving the Boltzmann equation (BE) of electrons in weakly ionized
gases in a uniform electric field [43–45]. The electron energy distribution functions (EEDF)
and the transport coefficients for all planetary atmosphere mixtures were calculated by
solving BE [43]:

∂ f
∂t

+ v × ∇ f − e
m

E × ∇v f = C[ f ], (1)

with the electron distribution f, the velocity coordinates v, the electric field E and the
velocity-gradient operator ∇v. C on the right-hand side of the Equation (1) corresponds to
the rate of change in f due to collisions, while e and m represent the elementary charge and
the electron mass, respectively. Under assumptions of the spatial uniformity of the electric
field and the collision probabilities, the electron distribution f is symmetric in velocity
space around the electric field direction. Equation (1) can be rewritten in the form [43]:

∂ f
∂t

+ v × cos θ
∂ f
∂z
− e

m
E ×

(
cos θ

∂ f
∂v

+
sin2 θ

v
∂ f

∂ cos θ

)
= C [ f ], (2)
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where electron distribution f depends on four coordinates: the magnitude of the velocity v,
the angle θ between the velocity and the field direction, the position along this direction z,
and t. The θ-dependence can be simplified by the classical two-term approximation (TTA).

In TTA the electron distribution f is represented by the first two terms of an expansion
in spherical harmonics in velocity space [43]:

f (v, cos θ, z, t) = f0(v, z, t) + f1(v, z, t) cos θ, (3)

with the isotropic f 0 and anisotropic f 1 parts. In the case of a constant electric field, the
solution for the electron distribution function (EEDF) can be expressed as a function of the
reduced electric field E/N (the ratio of electric field strength to gas particle number density
expressed in units of 1Td =10−21 Vm2).

Transport coefficients in the BOLSIG+ output have been multiplied or divided by the
total gas density N. The Townsend ionization coefficient is defined as the total number of
electrons created per unit length. On the other hand, the Townsend attachment coefficient
represents the total number of electrons lost per unit length. The ionization α/N and
attachment η/N coefficients to the total gas density ratio (both expressed in m2) are given
by the relations [46]:

α

N
=

(E / N)(νiz / N)

(P / N)
,

η

N
=

(E / N)(νat / N)

(P / N)
, (4)

where the total ionization frequency νiz and the total attachment frequency νat are defined
as the number of electrons created and lost per unit time, respectively. P represents energy
per unit time absorbed by the electrons from the electric field.

The mean energy (in eV) is calculated as [46]:

〈ε〉 =

∞∫
0

ε3/2 f0dε, (5)

where ε is the electron energy and f 0 is the isotropic part of electron distribution func-
tion (expressed in eV−3/2), corresponding to zeroth-order term of spherical harmonics
expansion in velocity space [46].

In this study, TTA calculations were performed for the atmospheres of the Solar
System planets. In our calculations, we assumed the atmosphere compositions of three
innermost planets in the solar system as follows [47]: Venus (96.5% CO2, 3.5% N2, 0.015%
SO2, 0.0017% CO), Earth (78% N2, 21% O2, 0.93% Ar, 0.04% CO2), and Mars (95.3% CO2,
2.7% N2, 1.6% Ar, 0.13% O2, 0.07% CO). The atmospheres of the outermost planet in the
solar system are made of: Jupiter (92.5% H2, 7.3% He, 0.1% C, 0.03% N), Saturn (96.3%
H2, 3.25% He, 0.45% CH4), Uranus (82.5% H2, 15.2% He, 2.3% CH4), and Neptune (79.5%
H2, 19% He, 1.5% CH4). The sets of cross-sections for carbon dioxide, nitrogen, oxygen,
argon, sulfur dioxide, carbon monoxide, hydrogen, helium, methan, and carbon include
13, 25, 17, 3, 6, 18, 17, 3, 11, and 4 processes, respectively. Cross-section data are taken
from an open-access website for collecting, displaying, and downloading electron and ion
scattering cross-sections, swarm parameters, reaction rates, energy distribution functions,
etc. [48]. The available databases have been contributed by members of the community. The
ionization coefficients, electron energy distribution functions, mean energy, the reduced
ionization coefficient, and the breakdown voltage curves have been calculated for the
planetary atmospheres, for the reduced electric fields ranging from 10 to 1000 Td.

3. Results and Discussion

Figure 1 shows the results of the TTA calculations for the dependence of the ioniza-
tion coefficients α/N on the reduced electric field E/N for the gas mixture representing
atmospheres of the: (a) innermost and (b) outermost planets. The ionization coefficients of
Venus and Mars are similar since their atmospheres are carbon dioxide-rich. The ionization
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coefficients of the Earth’s atmosphere are lower due to different ionization energy of N2 as
compared to CO2. The ionization coefficients of the gas mixtures of the outermost planets
are similar since hydrogen is the most abundant constituent in their atmospheres. For all
planets, the dash curves represent the fit to a semi-empirical formula for the ionization
coefficient for the gas mixture [49]:[

α

N

(
E
N

)]
m
= ∑

z
xz

[
α

N

(
E
N

)]
z
, (6)

where xz is the fraction of the gas z in the mixture. The ionization coefficient for the
individual gas can be expresses as a sum [49]:

α

N
= ∑

i
Aie−Bi/(E / N), (7)

where E/N is the reduced field, while Ai and Bi are constants [49]. For the atmospheric
compositions of all Solar System planets calculated results (symbols) agree well with the
theoretical predictions obtained by Equation (6) (dash curves). The consistency among
data calculated by BOLSIG+ on α/N and those obtained by semi-empirical formula (6) was
checked by plotting the logarithm of α/N as a function of N/E. Figure 2 displays linearized
representation of ln(α/N) versus N/E of the: (a) innermost and (b) outermost planets. As
expected, behaviors of the data points for all planets are almost linear [50]. Additionally,
all results can be fitted with the Korff parameterization to determine parameters Ai and Bi
in Korff’s expressions α/N=Ai exp(−Bi·N/E) [50].

Figure 3 shows the slope of the electron energy distribution functions (EEDFs) calcu-
lated for the: (a) terrestrial and (b) Jovinian planets at the reduced field of 90 Td. Electron
kinetics is strongly affected by the electric field so the EEDFs at the same reduced field E/N
for individual atmosphere mixtures rich in carbon dioxide (Venus and Mars) are similar,
while the Earth’s atmoshere is lower. Additionally, there is no large difference between the
EDDFs of the atmospheres rich in hydrogen (Jovian planets).

The dependence of the mean electron energies on the reduced electric field of the
terrestrial planetary atmospheres can be observed from Figure 4a. The results are similar
for the CO2-rich atmospheres (Venus and Mars). Due to gas compositions, the mean energy
corresponding to the Earth’s atmosphere differs from those of the Martian and Venusian
atmospheres at the low values of the reduced field. For higher E/N values, however, the
results of the Earth’s atmosphere approach those of Venus and Mars. Since the atmospheric
compositions of all outermost planets made up primarily of hydrogen, values of the mean
energy are similar all over the range of E/N (see Figure 4b).

The ionization coefficients as a function of the mean energy for the atmospheres of
the Solar System planets are depicted in Figure 5. The ionizations of the Martian and
Venusian gas mixtures prevail over the ionization of the gas composition representing
the Earth’s atmosphere due to different electron energy distributions. On the other hand,
for the atmospheres of the outermost planets rich in hydrogen, there are no remarkable
differences between the ionization coefficients.
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Figure 1. The density-normalized first ionization coefficient as a function of the reduced electric field
corresponding to the atmospheres of the: (a) terrestrial and (b) Jovian planets. Dash curves represent
fit according to Equation (6).
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Figure 2. Linearized representation of ln(α/N) versus N/E for the atmosphere gas mixture of the: (a)
terrestrial and (b) Jovian planets. Korff parameterization is represented by solid line.
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Figure 3. The TTA calculation results for the electron energy distribution functions of the atmospheres
of the: (a) innermost and (b) outermost planets at the reduced electric field of 90 Td.
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Figure 4. The electron mean energy against the reduced electric field E/N for the gas mixture
representing the atmospheric compositions of the: (a) terrestrial and (b) Jovian planets.
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Figure 5. The ionization coefficients versus the mean electron energy calculated for the atmospheres
of the: (a) innermost and (b) outermost planets.

The effective ionization coefficient is defined as (α−η). The reduced effective ioniza-
tion coefficient (α−η)/N is determined from the difference between the ionization α/N
(Figure 1) and attachment η/N coefficients (insert small Figure) and shown in Figure 6.
These coefficients given by (4) are calculated from the electron energy distributions based
on the collision cross-section sets of ionization and attachment and number densities of
all components in the gas mixtures. Calculated values of the reduced effective ionization
coefficients are fitted according to the empirical expression

(
αe f f = pAe−Bp/E

)
to deter-

mine coefficients A and B taking into account conversion factors 1 Td = 10−17 Vcm2 and
1V/(cm·Torr) = 3.0341 Td. Such determined coefficients A and B (listed in Table 1) are then
put in the expression for the breakdown voltage VB [51]:

VB =
−Bpd

ln
[

ln(Q)
Apd

] , (8)

where p is the pressure, d is the distance, while Q = 104 is estimated from the avalanche
criteria [51].
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Figure 6. The reduced effective ionization coefficients for the atmospheric gas mixture of the: (a)
innermost and (b) outermost planets. Fit to the calculated data are shown by dash curves.

Table 1. Calculated values of the coefficients A, B, the voltage and the pd value at the minimum of the breakdown curve are
compared with corresponding data taken from [12].

BOLSIG+ Results Data Taken from Ref. [12]

Planet A
[1/(cm·Torr)]

B
[V/(cm·Torr)]

Vmin
[V]

(pd)min
[cm ×Torr]

A
[1/(cm·Torr)]

B
[V/(cm·Torr)]

Vmin
[V]

(pd)min
[cm × Torr]

Venus 14.32 268 468 1.75 7.27 180 465 2.58

Earth 16.56 365 552 1.51 7.44 243 617 2.53

Mars 14.30 264 463 1.75 7.23 178 462 2.60

Jupiter 8.03 182 567 3.12 6.19 143 434 3.06

Saturn 8.32 188 565 3.01 7.46 156 392 2.52

Uranus 8.02 177 553 3.12 6.47 138 401 2.90

Neptune 7.78 174 562 3.22 6.22 135 408 3.02

The breakdown voltage curves for atmospheric compositions of the: (a) terrestrial and
(b) Jovian planets are plotted in Figure 7. Breakdown voltages calculated by expression (8)
with A and B determined in this study and from ref. [12] are shown by symbols and dash



Atmosphere 2021, 12, 438 11 of 14

curves, respectively. All breakdown voltage curves follow the standard scaling law. The
experimentally recorded Pachen curve for Mars [52] (crosses) agrees well with calculated
values especially on the right-hand side of the curve.

Figure 7. The breakdown voltage curves for the atmosphere of the: (a) terrestrial and (b) Jovian
planets. The results of measurements for the Martian atmosphere [52] are shown by crosses.

For each gas composition a minimum voltage required to achieve electric breakdown
and corresponding pd value has been estimated from the condition dVB/d(pd) = 0 [51]:

Vmin =
eB
A

ln (Q), (pd)min =
e
A

ln(Q), (9)

and listed in Table 1. Calculated values are compared with the data from the literature [12].
A better agreement between our results and the data from the literature [12] for the mini-
mum breakdown voltage is achieved for the terrestrial planets. For Venus and Mars, the
divergence is less than 1%, while for the Earth is around 11%. The maximal discrepancy is
obtained for Saturn, while for other Jovian planets varies between 23% and 27%. Since the
breakdown voltage increases as the gas temperature decreases, larger values calculated
for the outermost planets can be attributed to the lower atmospheric temperature. Unlike
breakdown values, our calculations for the position of the pd at the minimum agree better
with the literature [12] for the Jovian planets. For the innermost planets difference between
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our BOLSIG+ results and data from [12] ranges from 47% to 67. The large disagreement
between calculated and theoretical values of the pd at the minimum can be explained by
differences in the avalanche criteria used here [51] and in [12].

4. Conclusions

This paper contains the transport coefficients and the breakdown voltage curves of
the atmospheres of the Solar System planets calculated by using BOLSIG+, a numerical
solver for the Boltzmann equation. The ionization coefficients, the electron mean energy,
and the electron energy distribution functions of the atmospheric compositions have been
presented and analyzed. The results of two-term approximation (TTA) calculations for
the ionization coefficients provide an insight into similarities and differences between
the transport parameters that correspond to the gas mixtures representing the planetary
atmospheres. For all energies, the ionizations of the innermost atmosphere gas mixtures
are larger than those of the outermost planets. For the terrestrial planets, for all E/N values,
the ionization coefficient of the Earth’s atmosphere is systematically lower than those of
the Venusian and Martian atmospheres. Small differences between parameters of the Solar
System’s outer planets can be explained by a small abundance of their constituent gases
as compared to the abundances of hydrogen. Based on the dependence of the reduced
effective ionization coefficient on the reduced electric field, the breakdown voltage curves
have been determined. The results of calculations were validated using classic Paschen
theory. The breakdown voltages required to create discharges in the atmospheres of the
Jovian planets are higher than those in the innermost planet atmospheres. The lowest
minimum breakdown voltage is obtained for the Martian atmosphere, while the highest
value corresponds to Jupiter’s atmosphere. The difference between them is around 18%.
The minimum breakdown voltage of the Martian atmosphere is lower about 16% than that
of the Earth’s atmosphere. Values of the minimum breakdown voltage for all the solar
system planets differ between 1% and 27%. The larger discrepancies between 2% up to 67%
are obtained for the pd product at the minimum of the breakdown voltage curves. Since
lightning is responsible for the failure of space launch vehicles, the obtained results could be
useful for designs of electrical components on spacecraft. Enhanced computing capabilities
evolved into a very powerful tool for extensive research of the planetary atmospheres [53].
Studies of atmospheric electricity are also motivated by a strong astrobiological context [54].
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