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A model is built to study chemical processes in atmospheric plasmas at low altitude (high pressure) and at high

altitude (low pressure). The plasma lifetime and the temporal evolution of the main charged species are presented.

The electron number density does not strictly obey the exponential damping law in a long period. The heavy charged

species are dominant at low altitude in comparison with the light species at high altitude. Some species of small amount

in natural air play an important role in the processes.
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1. Introduction

The interest in the study of atmospheric discharge
has been extraordinary in the last decade because of
its low cost and convenient operation, as the gas dis-
charge does not need vacuum equipment. Microwave
plasma, RF plasma gun, DBD (dielectric barrier dis-
charge) and surface discharge, which have been de-
veloped recently, are widely used in the fields such
as chemical industry, material science, medical atten-

dance and national defense.

Atmospheric discharges usually operate in two
regimes. One is the discharge in an open atmosphere
environment, near the earth surface (or in the horizon
plane; the pressure is 105Pa) or at high altitude (low
pressure). The other is the discharge in closed vessels
with air as working gas. The former will be discussed
in this paper.

Air is a complex working medium of discharge.
Gravitational separation does not happen below
80km, where the turbulent diffusion is dominant in
air and its composition is almost constant: that is,
nitrogen 78%, oxygen 21%, argon 1%, vapour 0-4%
and a small amount of CO5. At high altitude, the
solar radiation generates some excited states of oxy-

gen molecule, oxygen atoms, ozone molecules and sev-
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eral species of nitrogen compounds. And their number
densities change with altitude, season, time and lati-
tude.

When air at atmospheric pressure is ionized, the
The

physical processes include excitation, ionization, at-

physicochemical processes are very complex.

tachment, recombination, detachment, charge ex-
change and so on. The chemical processes include all
species of redox reactions. All these processes com-
plicate the temporal evolutions of the components of
the air. The generation of negative ions is a particu-
larly important characteristic of atmospheric plasma
in comparison with the usual lab plasmas. In air,
the electrons are attached to neutral oxygen molecules
very quickly, through two-body or three-body attach-
ments once the electrons are generated. Negative oxy-
gen ions produced can react with neutral species to
form other species of negative ions. So the negative-
ion number densities can be large in atmospheric
plasma. The generation processes of gas-discharge
plasmas are similar to the ionization processes in the
ionosphere. The plasmas, in which negative ions are
dominant, are defined as electronegative plasmas, and
have many special characteristics.

Physicochemical processes of gas-discharge in at-

mospheric pressure are concerned in many related
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fields. In some applications, such as plasma radio tech-
nology, and ionospheric artificial irregularities, elec-
trons would be the primary conducting components,
which are useful to absorb or reflect electromagnetic
waves. Then the key parameter is the lifetime of elec-
trons in the plasma. In addition, oxygen atom is the
most important component in the technique of plasma
sterilization. As for the plasma chemical industry,
we care for the lifetime of all species of radicals of
atoms or molecules. Because air components, espe-
cially some components of small amount, are difficult
to be controlled and measured, but play important
roles in experiments, numerical simulation becomes a
convenient method to study the processes.

Our work is based on the work of Vidmar.[!! He
simulated the lifetimes of electrons at various altitudes
and with different initial electron number densities
during ionization processes, obtaining the plasma life-
time curves as functions of altitude, and found that
at low altitude three-body reactions determine the
plasma lifetimes, while two-body reactions are dom-
inant at high altitude. The temporal evolutions of
various components were not presented in his papers,
but constitute the object of our present research.

An atmospheric chemical code has been compiled
in the present work, and calculation results are pre-

sented for both atmospheric and low pressures.

2.The model and numerical sim-
ulation

The numerical calculation in this paper is zero-
dimensional. It includes ionization, attachment, and
other physical processes as well as the main chemical
reactions, but ignores spatial processes such as dif-
fusion and flow. As the initial condition, electrons
and positive ions with the same number are added.
Then the temporal evolutions of various components
are monitored during the simulation; some of them
belong to the components of natural gas, and some
are generated during the chemical reactions. In other
words, the process studied is a pulsed ionization with
very short ionization reaction period. We do not care
about the ionization means (discharge or microwaves)
but focus only on the processes after the electron gen-

eration.

2.1. Atmospheric chemical reactions

The atmospheric chemical reactants include some
charged species, which complicate the processes. We
can only study some main reactions, and are inter-
ested in the reactions involving the ions, because these
reactions determine the number density evolution of
charged species and the plasma lifetime. At low alti-
tude, three-body attachment to oxygen (reaction (1))
dominates the deionization process, and three-body
attachment is proportional to the square of the den-

sity of oxygen molecules:
Oz +e4+ 03 — O5 + Oa. (1)

As the concentration of oxygen diminishes with
increasing altitude, two-body attachment and recom-
bination processes begin to override the three-body
attachment to oxygen. These processes include dis-
sociative attachment with oxygen (reaction (2)) and
ozone (reaction (3)), and dissociative recombination

with positive ions (reaction (4)) as follows:

e+0;— 0 +0, (2)
e+03—)0_+02, (3)
Of +e—0+0. (4)

Because attachment depends on the concentration of
oxygen and ozone but recombination does not, recom-
bination with positive ions is the dominant loss mech-

anism at high altitude.
2.2. The model

The initial electrons are generated by air ioniza-
tion in our model, and the same number densities of
positive ions (OF, NJ) are added. The ratio of the
oxygen to nitrogen ions is the same as in natural air.
The initial number densities of other neutral species
are found from some atmospheric chemical papers. (23]

Thirty-four species of reactants are considered in
our model, as shown in Table 1, including neutral
species, positive species (positive ions, hydrated posi-
tive ions) and negative species (electron, negative ions,
hydrated negative ions), and 134 reactions are con-
sidered, including attachment, recombination, detach-

ment, charge exchange and so on.
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Table 1. The main reactants.

Neutral species

Positive species

Negative species

0,02, O3, N, N,

ot, of, NJ, N}, NOt,

e,07,05,0;, 0],

NO, NOs, COg, Of, Hy O+, H3 O, co;, oy,
H,0, H, H,, 07 eH,0, H30% «OH, 03 eH20, COj; oH:0,
OH, He H;0teH,0 CO; oH30

The reacting charts for the main positive charge
reacting and negative charge reacting near the surface
are shown in Figs.1 and 2, respectively. The main re-
actions of different periods are shown in the figures
with bold lines.

At high altitude (low pressure), the reacting

charts are different from that at low altitude, as
shown in Figs.3 and 4. Light species, such as O—,
05, NO*, are important at high altitude in compar-
ison with heavy positive species, such as CO;, COy,
H3;01eH,0, at low altitude.
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02+02 N2 N2+N;
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H,0
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0, O, O3, N, N2, NO, NO,

neutralization reactions

, COz, H,0, H, Hy, OH

Fig.1. Reacting chart of the main positive ions at low

altitude. (The arrows are the reacting directions, and the

species near the arrows are reactants. The plus sign means the reaction is a multi-body reaction. The species in the
biggest block are the reactants of the neutralization reactions).
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Fig.2. Reacting chart of the main negative ions at low altitude.
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Fig.8. Reacting chart of the main positive ions at high altitude.
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Fig.4. Reacting chart of the main negative ions at high altitude.

2.3. Numerical simulation method

In our model the reaction rate equations are as

follows:[!]
dy; )
dt :f’i(t7y17y2a"'7y34) 7’:1727"'5347 (5)
34 34 34
fi=4i Znijkijyj +yi Z Znijmkijmyjyma (6)
=1 m=1 j=1

where y; denotes the number density of the ith species

and f; is a function involving the rate coefficient for

reactions among the ¢th, jth, and mth species. The
terms k;; and K;j, refer to two-body and three-body
reaction rates, respectively. The term n;; or ngjm, is
the integer number of the ith species produced or con-
sumed per reaction event, and is positive if the ith

species is produced, and negative if it is consumed.

The Runge-Kutta method® is used to solve the
constant coefficient nonlinear equations, because the
degree of the accuracy of high-order Runge—Kutta

method is very high. Considering the simulating time,
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we take the fourth-order Runge-Kutta method, with a

high degree of accuracy and short time of simulation.

3. Result of numerical simulation

and analysis

3.1. Initial condition and rate coefficient

The initial electron number density near the sur-
face is set to be 1013 /cm?®, and the initial number den-
sity of OF is 2.6 x 1012 /cm?3, N 7.4x10'2? /cm? in our
calculation. Considering there would be large number
densities of O;‘ and water, O;’ oH5O number density is
set to be 10%/cm3. The initial electron number density
is 102 /cm®, OF 2.6x10''/cm3, Ni 7.4x10'! /cm?®,
and OF ¢H20 10°/cm?® at 60km altitude.

Some reaction rate coefficients are functions of at-
mospheric temperature and electron temperature. At-
mospheric temperature is set to be 291K near the sur-
face, 253K at 60km altitude, and electron tempera-
ture is 2eV, or about 23200K. The pressure is 10°Pa
near the surface, and 20Pa at 60km altitude. The
step length to in our simulation is 1072%s in the first
phase of the calculation. Such a small step length is
necessary to avoid overflow as the number density of
electrons is large in this phase. As the number density

decreases the step length increases automatically.
3.2. Results and discussions

Figure 5 shows in logarithmic coordinates the
temporal evolutions of electron number density and
The

solid line shows the electron number density, and the

the total negative charges near the surface.
dashed line is the total negative charges. Figure 6
shows the temporal evolution of electrons at 60km al-
titude. Electron number density is greater than that
of other negative species and exceeds the total number
of the latter by several orders of magnitude at the alti-
tude. So the temporal evolution of the total negative
charges is practically the same as that of the electron
number density.

As shown in Fig.5, the electron lifetime is 1.95 X
1085, close to Vidmar’sl! result of about 1 x 10~ 8s.
The lifetime of the total negative charges is 10~ s,
longer than the electron lifetime by about one order

of magnitude. The main reason of the difference in

lifetime is that the negative charges transfer from elec-
trons to other negative species. As shown in Fig.7,
negative charges transfer to O, within the initial one
microsecond.

As shown in Fig.5, the electron number den-
The above-

mentioned lifetime was calculated within that time

sity exponentially damps before 0.5us.

period. But it no longer obeys the exponential damp-
ing law from 0.5us to 20us. Two reasons give rise
to this: (i) electron detachment generates new elec-
trons; (ii) as shown in Fig.8, as the number densities
of the carbon-bearing negative ions increase to a max-
imum in the submicrosecond interval, some charges of
these negative ions transfer into the carbon-free nega-
tive ions and electrons. So during this period the tem-
poral evolution of every carbon-free negative species
has an inflection. Electron number density is between

10%/cm?® and 10*/cm?® in this range of time.
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Fig.5. Number density temporal evolutions of elec-

tron and the total negative charges near the surface.

The temporal evolution of the total negative
charges does not obey the exponential damping law
also in a longer period because of charge exchanges of
the negative species, and can be shown to be inversely
proportional to the square root of time after 10us.

As shown in Fig.6, the electron lifetime at 60km
altitude is 5.7 x 1075s, longer than that near the sur-
face by three orders of magnitude, and is longer than
Vidmar’s!®! by about one order of magnitude. And the
electron density does not obey the exponential damp-
ing law after 1ms. The electron number density is
about 109-10!! /cm?® from 0.5ms to 5ms.
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Fig.6. Electron temporal evolution at 60km altitude.
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Fig.7. Carbon-free negative species temporal evolu-

tions near the surface.

Figures 7 and 8 show respectively the num-
ber density temporal evolutions of carbon-free and
carbon-bearing negative ions near the surface. As
shown in the two figures, the dominant negative

species devolution is as follows:
e — 0, — 0, — CO, — COg3,

CO; keeps in the longest time of about 1ms as the
main negative ion species. After 20us the number den-
sity of CO, eH5O is nearly equal with CO, . Evolution
of every carbon-free negative ion has an inflection in
Within the initial one

microsecond, charges transfer from carbon-free neg-

the submicrosecond interval.

ative species to carbon-bearing ions through charge
exchanges, and the latter increase to their maximum
in the submicrosecond interval. Then charges transfer
back to carbon-free negative species. So carbon-free
negative species decrease more slowly during this pe-

riod, and the inflections come into being. Only COj3

and CO; eH,O exist with large amounts in our sim-
The number density of COj3 is
5x 107 /em?® in 50ms, and CO3 eH3O is less than CO;

by one order of magnitude.

ulation after 1ms.
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Fig.8. Carbon-bearing negative species temporal evo-
lutions near the surface.

Figure 9 shows the number density temporal evo-
lutions of the main negative species at 60km altitude.
As shown in the figure, electron number density is
greater than the other negative species or their totals
by several orders of magnitude. Light negative ions
(O~ and Oy ) are dominant at this altitude, opposite
to heavy negative species (CO3, CO; and their hy-
drates) near the surface. Their number densities reach
the maximum of about 109~107/cm? in the range of
1076-1073s.

mum values in the range of 1073-1072s.

Other negative ions reach their maxi-

e
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Fig.9. Main negative species temporal evolution at
60km altitude.
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Figures 10 and 11 show the temporal evolutions of
the main positive ions near the surface and at 60km
altitude, respectively. As shown in the figures, the
number density evolution of the total positive charges
is the same as that of the total negative charges. The
dominant positive species near the surface devolution

is as follows:
Ny — Nf — 0f — O} — H30" ¢ H,0,

Oj{ remains for the longest time of about 0.1ms as the
main positive species. The heaviest positive species,
H301eH30, is dominant at the end. N;L number den-
sity exponentially damps to near 1/cm?® within the ini-
tial 107%s. The positive charges transfer into N;" and
O;r. Then the charges of Nj{ transfer to O2+. O;r num-
ber density increases to a maximum of about 103 /cm?
at about 10~%s. The number densities of the five pos-
itive species, OF oH,0, H30"eOH, H30%eH,0, OF
and O are all in the range of 10°-10'° /cm?® at about
0.1ms, and H301"eH,0 begins to override OI.
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% . & -0} -Hz0
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Fig.10. Main positive species temporal evolution near

the surface.
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Fig.11. Main positive species temporal evolution at
60km altitude.

The number density temporal evolutions of main
positive species at 60km altitude are different from
those near the surface. The main positive species evo-

lution is as follows:
N — Of — NOT,

N;’ number density exponentially damps within the
initial one millisecond. O;’ number density increases
to a maximum of about 10'2/cm3 in the submillisec-
ond interval. NOt number density increases to a max-
imum of 101%/cm? at 10ms. NO* begins to dominate
Of at this time.

4. Conclusions

Air is a very complex chemical system, and study-
ing its chemical processes is very useful to some appli-
cations, such as plasma ratio technology, low-pressure
atmospheric plasma, ionospheric artificial modifica-
tions and so on. A model has been built to simulate
the chemical processes near the surface (the pressure
is 10°Pa and air temperature is 291K) and at high
altitude (60km in our simulation, 20Pa, 253K). The
temporal evolutions of the main charged components

are presented.

(i) The electron lifetime at high altitude is longer
than that near the surface. The number density of
negative ions begin to override the electrons soon at
low altitude, but electrons are dominant from begin-
ning to end at high altitude. Electrons do not obey the
exponential damping law in a longer period, as shown
in Figs.5 and 6. So electron number density temporal
evolutions are more useful than lifetime data from the
application aspect. Especially, it is always expected
there will be a need to generate and sustain a high
electron number density in atmosphere in some ap-
plication fields such as artificial plasma layer radio,

The

usual way to generate electrons is pulsed RF discharge.

and this requires high averaged heating power.

Proper choice of the repetition frequency and pulse
width of the RF waves would increase the ionization

efficiency.

(ii) Numerical simulation shows that the main
charged species near the surface are heavy species such
as COy, CO3, CO; eH,0 and H;0"H,O0, as opposed
to light species, such as e, 07, O, and NO™T at high
altitude (low pressure). Most of the main charged
species do not obey the exponential damping law, and

they can keep a high density for a long period.Tthe



No. 12

Numerical simulation of chemical processes ... 2181

species of small amount in neutral air play an impor-
tant role in the processes. They can be the dominant
charged species in some periods. Therefore, a small

amount of species artificially introduced can control

the process and lengthen the lifetime of the electrons
or other ions and radicals for certain application pur-

poses.
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