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There exists large-scale lightning in Saturn’s water cloud. Based on the powerful moist convection in the water cloud, we estab-
lish a thermal-induced convective model to interpret the mechanism for the processes of charge generation and separation. We
also estimate the breakdown field of Saturn’s atmosphere quantitatively and interpret the discharge process.
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Recently, there are several works which have done good
study on thunderstorm [1] and its solar equivalent [2,3].
There are also a couple of researches which give a deep
description of solar-terrestrial interactions [4,5]. The present
study is a further exploration on deep solar space.

Existence of lightning on Saturn had been discussed
since Voyager times as an explanation for the radio emis-
sions called Saturn Electrostatic Discharge, or SEDs. Cassi-
ni data showed that SED activity is correlated with convec-
tive-looking clouds on the side of Saturn that faces the
spacecraft [6,7]. Saturn’s weather at high pressure levels is
most likely to be driven by an internal source of energy,
which exhibits thermal gradient that initiates the upward
convection of water cloud [8].

The cloud structure in Saturn’s hydrogen and helium at-
mosphere can be divided into three different cloud layers.

The outermost cloud layer consists of ammonia ice particles.

The lightning originates from roughly 125 to 250 km below
the cloud tops [9]. The moist convection could be very en-
ergetic reaching vertical velocity of an order of 100 m/s due
to the internal thermal heat [8].

We assume that during the process of moist convection,
the collision of ice particles would cause the charge separa-
tion; the negative or positive charges would attach to the
particles of different size. As a consequence, the thermal-
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induced vertical convection would cause the charges’ gen-
eration and separation.

1 Processes of charge generation and
separation

First, we assume that there would be an initial electric-field
Ey (this electric-field could be produced by trifle surplus
charge due to the discharge process of last time or by other
mechanism such as the ionization by radiation of radioac-
tive elements).

Supposing that H,O is a polar molecule, let us consider a
model of a spherical ice particle which is polarized by this
initial electric-field. The lightning exists at a depth around
200 km below the cloud tops. The temperature there is
ranged from 255 to 275 K, where the water from the lower
level begins to condense and freeze into the small ice parti-
cles. And during this moist vertical convection process, the
collisions of the different size ice particles would cause the
charge transference. Considering a model described in Fig-
ure 1, the larger spherical particle 2 is made of ice crystal
with a mass M. It can float in the middle and upper level of
the water cloud. Particle 1 is the smaller particle driven by
the upward-convection with a mass m.

Because particles 1 and 2 have different sizes, compara-
tive velocity of particle 1 to particle 2 is not isotropic. The
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Figure 1 The angle 8 is the collision angle. The exterior electric-field E
heads downward vertically. Particle 1 is the smaller particle driven by the
powerful upward-convection with an initial velocity of V; particle 2 is a
larger particle floating in a certain cloud level. The velocity of particle 1
after collision in the conference frame of the center of two particles is
defined as V). The velocity of particle 2 after collision in the conference
frame of the center of two particles is defined as V5.

comparative velocity of particle 1 is directed upward. When
particle 2 is polarized by outer electric-field, it has positive
charge downside, and negative charge upside. Therefore
particle 1 gets positive charge after the collision. If particles
1 and 2 are of the same size, then comparative velocity of
particle 1 and 2 is isotropic, no charge transform will take
place.

As soon as the moist convection from the bottom of the
water cloud reaches a level around 200 km from the cloud
tops, the moist air would begin to condense into the small
droplets and freeze into small ice particles. These ice crys-
tals would be brought up by the upward convection with the
velocity of an order of 100 m/s. When this upward convec-
tion current meets the floating larger ice crystals, there will
be collisions. Considering that particle 2 has a surface
charge density oy in external electric field, and oy is estimat-
ed due to the polarization under the external electric-field E
[10]:

(o3

fza-gO-Ecosé’, )

where
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£+2¢,
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Here ¢, represents the vacuum dielectric constant. The die-
lectric constant of ice is defined as ¢, which equals 3g,.
Therefore a=1.6.

We assume the initial electric field heads downward ver-
tically. When the initial electric field heads upward, the
discussion is similar.

If the relaxation time of collision between particles 1 and
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2 lasts as long as 107'=107 s, a small amount of positive
charge would transfer from particle 2 to particle 1. The
larger ice crystals are typically several hundred microns in
diameter. Since the vertical convection can be so energetic
that the larger particle can grow into several millimeters in
diameter. Here we define r; (500 pum) as the radius of parti-
cle 1, and r, (5 mm) as the radius of particle 2. And Saturn
has a small gravity comparative to that on earth (g=8.96
m/s? at equator) [11].

The positive charge transferred during one collision is
estimated as

qun-rfn'f=1t-r12-a-€0~Ecosﬁ. 3)

In a period of time, the averaged charge transferred due
to the collision between a smaller particle and a larger parti-
cle is estimated as

(AQ)y=m 17 ¢, ~Ef§cos6’sin¢9d9:%~r12~a~go~E. 4)
0

However, we must introduce a factor # as an effective
collision factor, because the charge is polarized by the exte-
rior electric-field and the polarization charge could not be
transferred as easily as free charge, so the collisions be-
tween particles of different sizes can not always cause the
charge transference. As a result, the charge transferred due
to the collisions in a period of time is

<Aq'>:<Aq>-n=§rf~a-eo-E-n- )

The factor of effective collision # determines the charge
transferred between particles, which should be very small.
Further estimation of the factor of effective collision came
from the simulation results. We have simulated the process
under different factors of effective collision and determined
the factor of effective collision 7 to be 2x107°.

Similarly, other factors like the factor of momentum
transference y, the vertical length of collision region L, the
area of collision region S, the area of the discharge channel
AS are also estimated according to the simulation results.

A strong electric field can be built up as long as there is
sufficient water abundance [8]. So let us assume that the
smaller particles coming from the lower level have a parti-
cle density of 7,=1.5x10° m™ and the larger particles with a
density of n,=10* m™. The convection process considered at
a depth of nearly 8-10 bar (around 200 km from the tops of
the clouds) is only a small part of the moist convection
driven by powerful internal thermal heat. Therefore we can
suppose that driven force caused by the temperature gradi-
ent is persistent during the convective process. As a conse-
quence, the smaller particles will keep the velocity v con-
sistently soon after the collision with larger particles due to
the powerful driven force.

However, we have to estimate whether the particles
could still be driven by the upward convection or stay still
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in the equilibrium between the driven force and gravity
even under the great external electric-field after the charge
separation process (the breakdown field could be as large as
an order of 10’ V/m in the Saturn’s atmosphere [8]). Let us
consider the collision between particles 1 and 2. The charge
accumulated on particle 2 can be estimated as

(Aq'), =%-rf-a~50-E-nzl.IIXIO’ISC. 6)

Considering that the density of particle 1 is likely 15 fold
higher than that of particle 2, the charge accumulated on
particle 1 is

(Ag"), =(Aq"), 115=T7.42x10""C. @)

Here we use the largest electric field (10" V/m) to do the
estimation to make sure that the charge transferred under
this strong electric-field will not influence the particles’
movement due to the gravity or the up-driven convection.

Therefore the electric field force for particles 1 and 2 can
be estimated respectively:

F., ={q"), -E~742x10""N, @®)
F., =(¢"),-E~111x10°N. &)

On the other hand, the gravities of particles 1 and 2 in the
atmosphere are

4
F,, =§n-rl3~p-gz4.22><10_6N > F.,, (10)

Fm:%n~r;~p~gz4.22><10’3N>>FC2. (11)

Here we define p=900 kg/m’ as the density of ice particles.

Consequently, we can see that the charged particles will
not be influenced by the electric field force even under the
strongest electric field after the charge separation process.
The amount of charge transferred between different parti-
cles is so small that the particles would act just as they were
after the charge separation and transference.

On the other hand, we should consider the momentum
transference caused by the collision between smaller parti-
cle and larger particle as well.

If the collision is elastic, we can get the energy conserva-
tion equation and the momentum conservation equation in
the conference frame of the center of two particles:

1 1 1
—m(vcos@)? =—Mv: +—mv?, 12
2 ( ) 5 My +omy, (12)

mvcosd = Mv, +mv,. (13)

According to eqgs. (12) and (13), we obtain v, as the velocity
of the particle 2 after the collision:

vcosd. (14)

sz

Chin Sci Bull

May (2013) Vol.58 No.14

So the momentum transferred on the vertical direction after
a collision of a certain angle is

p(6) =My, cosf = 2mM vecos® 6. (15)

m+

In a short period of time, the averaged momentum trans-
ferred due to the collision between a smaller particle and a
larger particle can be written as

2mM )
3(m+M)

2mM

(p(0)) =

vficoszﬁsinﬁdez v. (16)
0

m+M

Since the collision between the particles could be non-

elastic in nature state, in some particular conditions, the

collision would even causes the particles to adhere to each

other or break into pieces if the comparative velocity is too
high. Then we introduce a factor y to represent this effect.

2
Py =(p(O)7 = My, (17)

=y
(m+M)
Then we need to estimate the momentum transference
caused by collision between particles 1 and 2. The collision
between a larger particle and many smaller particles can be
described by the momentum conservation:

nm(r, + r2)2 (v—=v'XP)

n 2mM
=nm(r +1,) (v=v )W‘V'}’
dv'
=M—, 1
dr (18)

where v’ is the velocity of particle 2 after collisions with
many small particles.

Integrating eq. (18), we obtain the relative velocity be-
tween the larger particle and the smaller particle:

2mmm (1 +1, Yy

3(M +m) 7 . (19)

v—v'=v-e

The collision frequency f of two kinds of particles with
the relative velocity in the collision region (with the volume
V) can be estimated as

f:n(rl+r2)2-(v—v')-nl-n2~V. (20)

According to egs. (5), (19) and (20), we obtain the charge
production rate:

cil_? =n(r+n ) (v— vinmV{Aq'")

2

TE ’
:7(r1 +5) 1 (v=vnn,aVe, En. (21)

Based on Ampere Theorem, the relationship between the
electric field E and the charge transferred is
dE 1 1 1

— e J = 22
dr & g S @2
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We define S’ to be the horizontal area of collision region,
L (5x10%) the vertical length of collision region.
According to egs. (21) and (22), we obtain

dE_ 1 do
dt g dr-S'
2
:%.(}] +r2)2.nz.(v_v’).nl.nz.a.E.n.L

2 2mmm (1 +7, )2 v

_T[ 2 2 3(M +m)
_7(;'1_}_;‘2) n .nl.n2.a.E.77.L.V.e

(23)

Integrating eq. (23), we get the electric-field E in the at-
mosphere:

2mmm (1 +1, Yy
AMm) )

F—E -ex 3(m+M)7t-r12-n2 -a-n-L

(

1-e
4dm-y (

(24)

This electric field is shown in Figure 2.

From Figure 2, we can see that the time spend on the
process of charge separation to reach the ultimate electric
field is variable due to the variation of the velocity of verti-
cal convection.

2 Estimation of the breakdown electric field
and the discharge process

The atmospheric electric breakdown field is determined by
the background gas and the local air pressure on Saturn. The
structure of Saturn’s atmosphere is illustrated following the
equilibrium cloud condensation model. The particle density
in Saturn’s hydrogen and helium atmosphere at standard
conditions (1 bar and 0°C) is of the order of 10 m> [8].
However, the lightning originates from a level with pressure

x107
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Figure 2 The external electric field’s growth as the function of time.
Here we define the factor of momentum transference y to be 5x1072, E, to
be 1 V/m, and the vertical length of collision region L to be 5x10° m. The
label V=100 m/s refers to the velocity of the upward moist convection of
the smaller particles.
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of 8-10 bar and temperature of around 275 K. According to
pV =nRT, (25)

we can estimate the local gas particle density as order of
1026 m—3

Then we can obtain the breakdown electric field in such
condition. The free length of an electron is estimated as

1
\/Enndz

where we define d as the diameter of hydrogen or helium
molecules, and d equals to 107 m.

The kinetic energy of an electron got from the external
electric field within one free path of electron is

7= ~2.25%x107 m, (26)

%mevf =E-e-1. 27)

If this kinetic energy is greater than the energy of ioniza-
tion:

%m vf >W, (28)

where W; is the ionization energy of the hydrogen or helium
molecules (the helium’s ionization energy is much higher
than that of hydrogen, so we estimate W;, the ionization
energy of hydrogen to be of order of 5 eV), the atom would
be ionized. As a result, two electrons are produced. Simi-
larly, these electrons will cause more molecules to be ion-
ized; this process is what we called avalanche ionization.

Therefore the breakdown electric field can be estimated
as

E=222x10"V/m,

which is of the same order with the breakdown electric field
observed: E=1.5x10"V/m [8].

When such external electric field reaches the high level
of 10" V/m, then avalanche ionization begins. The density
of ionized particle especially the electrons can be written as

where ny is the initial density of electrons, x is the travelling
distance of the avalanche electric current, and y is the factor
of ionization. The collision of the accelerated electrons
would not always cause the target atom to be ionized.

As we can see, the electron density would increase ex-
ponentially due to the avalanche ionization, and soon a limit
will reach, because the gas particle density is limited to 107
m™. Let us assume that the gas particle could be ionized
completely, which means that the electron density would
soon increase to an order of 10%° m‘3, and then the local gas
would be transformed to plasma completely in a very nar-
row channel. This electric conductance is
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-
o=t 63x10°A m™ V. (30)

my

And the electric current density is obtained:
j=o-E. (31)

After the formation of the plasma discharge channel, the
accumulated charge due to the moist convection will all
travel through this particular channel because the electric
conductance here is extremely high. We can establish a
model to demonstrate the discharge procedure.

The electric field between the charged cloud layers can
be estimated as

O-e Q

= 9
& S- &

E= 32)

where S is the area of the clouds and Q is the charge accu-
mulated in the cloud.

According to the egs. (30)—(32), we obtain the conduc-
tive current:

00 pg-_92 (33)

S-g, dr

I=AS-j=AS-c-E=

where AS is the area of the discharge channel.
Integrating the eq. (33), we get the quantity of remnant
charge:

Q:QOexp{_“'AS.;}, (34)
S-g,

If we assume Q, as the initial amount of charge caused
by the convection process (Qo is of the order of several
hundred coulomb), and do the evaluation of these parame-
ters: S to be several square kilometers, and AS to be an order
of 10 m?, then remnant charge is shown in Figure 3.

From Figure 3 we can see that the declination of the
quantity of charge is extremely rapid. Several hundred
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Figure 3 The decay of the amount of charge accumulated in the vertical
convection.
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coulomb of charge would decay within several microsec-
onds. The accurate decaying time is depended on the area of
the discharge channel, the area of the charged cloud and the
amount of charge in the charged cloud region.

3 Conclusion and discussion

We established two models to interpret the charge separa-
tion process and the discharge process respectively. Gener-
ally speaking, the charge separation process is due to the
powerful moist convection caused by the internal thermal
heat. The lightning could be very energetic because of the
large breakdown field in the Saturn’s atmosphere, so the
powerful convection will cause the electric field to the crit-
ical point of 10’ V/m. Then the energy an electron can get
from the acceleration in the electric field is high enough to
cause the ionization of another electron from its atom. Thus
the avalanche ionization is triggered. The energy accumu-
lated during the thermal-induced convection is released
within a very short time. This discharge process that we
called lightning can be very powerful because of the ener-
getic convection which cause the charge generation or sep-
aration and the great critical breakdown field in Saturn’s
atmosphere.
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