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A model is built to study chemical processes in plasmas generated in helium with trace amounts of air at atmo-

spheric pressure or low pressures. The plasma lifetimes and the temporal evolutions of the main charged species are

presented. The plasma lifetimes are longer than that in air plasma at atmospheric pressure, but this is not true at low

pressures. The electron number density does not strictly obey the exponential damping law in a longer period.
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1. Introduction

Atmospheric discharge has been used extensively
in the last decade because of its low cost and conve-
nient operation, as the gas discharge does not need
vacuum equipment. Microwave plasma, RF plasma
gun, DBD (dielectric barrier discharge) and surface
discharge, which have been developed recently, are
widely used in fields such as chemical industry, mate-

rial science, medical attendance and national defence.

Atmospheric discharges usually operate in two
regimes. One is the discharge in an open atmosphere
environment, near the earth surface or at high alti-
tude. The other is the discharge in closed vessels with
air or other gases as the working gas. The former has
been studied in our early work,l and the latter will

be discussed in this paper.

The chemical processes in helium are different
from those in pure air. Significantly longer lifetimes of
electrons are possible with helium. Helium does not
form negative ions, so a major electron attachment
mechanism in air is minimized. In a practical labora-
tory experiment, the filled pure helium in a vacuum
vessel will be contaminated by the leakage or wall ab-

sorption in the vacuum system. Helium with trace
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amounts of air is most likely a gas mixture. The con-
tamination of working gas by air components is also
inevitable in an open environment. In the ionization
process occurring in such a gas mixture, nitrogen and
oxygen impurities rapidly form positive ions in charge
transfer collisions with helium ions and in turn recom-
bine with electrons and so deionize the helium plasma.

Longer lifetimes of electrons are very useful in
some applications, such as plasma radio technology.
In these applications electrons would be the primary
components, which are useful to absorb or reflect elec-
tromagnetic waves and are expected to sustain a high
number density.

This work is based on Vidmar’s work?! and our
work!!! of numerical simulation in atmospheric plas-
mas. Vidmar simulated the lifetimes of electrons in
helium with air at various altitudes and with differ-
ent initial electron densities during the ionization pro-
cess, and calculated the electron lifetime as a function
of altitude.l¥! But the temporal evolutions of various
components were not presented in his papers.

A code has been compiled in the present work,
and calculated results are presented for one atmo-
spheric pressure and low pressures in helium with

trace amounts of air.
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2.Theoretical model and numeri-

cal simulation

The numerical calculation in the present paper
is zero-dimensional. It includes ionization, attach-
ment, other physical processes, and main chemical re-
actions, but ignores spatial processes such as diffusion
and flow. As the initial condition, electrons and posi-
tive ions with the same number are added into helium
with a trace of air at one atmospheric pressure or less.
Then the temporal evolutions of various components
are monitored during the calculation, 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 only focus on the processes after the electron gen-

eration.

Initial electrons are generated by the noble gas
ionization in our model. The same number densities of
positive charge (He") are added. The number density
of neutral He is the same as that of the total species
in natural atmosphere at the same altitude: that is,
the pressure in the noble gases is the same as that in
air. Trace amounts of air are added into the helium.
The proportion of the compositions in the trace air is

the same as that in atmosphere at the same altitude.

Thirty-eight 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 229 reactions are consid-
ered, including attachment, recombination, deattach-

ment, charge exchange and so on.

Table 1. The main reactants.

Neutral species

Positive species

Negative species

0O, Og, O3 N, Na, NO,
NO3z, COg2, H20,
H, Ha., OH, He,
He(381)

ot, of, Nf, N}, NOt,
H,Ot, H3Ot, Het,
N+, Hef, OF oH-0,

H307eOH, H3O+eH,0,

e, 0-, 07, O3, OF,
CO3, COy, O, eH0,
CO3 #H-0,

CO;, eH,0

In our model the reaction rate equations are as

follows:[1
dy;
dl!i :fi(taylay2: '''''''' yl) 1= 1:2: 38: (1)
38 38 38
fi=yui Znijkijyj +yi Z Znijmkijmyjym7 (2)
=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;jm, refer to two-body and three-body
reaction rates, respectively. The term n;; or njm, 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 the high-order Runge-Kutta
method is very high. Considering the simulating time,
we take fourth-order Runge-Kutta method, with high

degree of accuracy and short time of simulation.

3. Result of numerical simulation

and analysis

3.1. Initial condition and rate coefficient

The chemical processes in helium plasmas in at-
mosphere environment were numerically simulated at
low altitude (near the surface in our model, the pres-
sure is 105Pa) and high altitude (at 60km altitude, the
pressure is 20Pa, low-pressure plasma). In the simu-
lation at high altitude, some initial conditions, such
as the pressure (or the number density of the working
gas) and the temperature, are set to be the same as
those in the real atmosphere at the same altitude.

Our simulation environment is in helium with
trace amounts of air (1ppm in this paper). The initial
helium number density is the same as the total num-
ber density of all species in air at the selected altitude,
2.5 x 10'%/cm?® near the surface, and 1.0 x 10'¢/cm?®
at 60km altitude. The initial electron number densi-
ties are 1.0 x 10'2/cm® both near the surface and at
60km altitude, and initial Het number densities are

the same. The initial number densities of most of the
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other neutral species in air are found from some at-
mospheric chemical papers. 56l

Most of the reaction rate coefficients are taken
from Refs.[1,5,6]. Some reaction rate coefficients are
functions of atmospheric temperature and electron
temperature. Atmospheric temperature is set to be
291K near the surface, 253K at 60km altitude,® and
electron temperature is 2eV, about 23200K. The step
length tg in our simulation is 107!2s in the first phase
of the calculation. As the number density decreases,

the step length increases automatically.
3.2. Results and discussion

Figure 1 shows in logarithmic coordinates the
temporal evolutions of the number densities of elec-
trons and the total negative charges near the surface.
The solid line shows the electron number density, and
the dashed line is the total negative charge. As shown
in Fig.1, the electron lifetime is 3x10~%s near the sur-
face, the same as Vidmar’s.[3] And it is three orders of
magnitude longer than the electron lifetime in atmo-
spheric plasmas with air as the working gas near the
surface, 1.95%108s.[!] The dominant negative species
are electrons, and the electron number density is a
little less than the total negative charge number den-
sity after 1s. The electron number density does not
obey the exponential damping law from 10ms to 1s,
10°/em? in 10ms, and 107 /cm? in 1s.
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Fig.1. The temporal evolutions of number density n of elec-
tron (e) and total negative charges (n) near the surface.

Figure 2 shows the temporal evolution of elec-
tron number density at 60km altitude. The electron
lifetime at that altitude is almost the same as that
near the surface, about 3x107%s, because dissocia-
tive attachment of electrons with ions and three-body
electron—electron attachment to positive ions domi-

nate the deionization process in plasmas with high

electron number density. This electron lifetime is close
to that in the atmospheric plasmas with air as the
working gas at 60km altitude, 5.7x107%s.[!] The elec-
trons do not obey exponential damping law, and can
be shown in an inversely proportional to the square
root of time in the interval approximately from 10us
to 1s. The trace amounts of air affect the processes
greatly at low altitude after a long time, but little at
high altitude.

into helium, the electron number density becomes less

In our model, with 1ppm air added

than that in pure helium by about one order of mag-
nitude in 10ms near the surface, and by two orders of

magnitude in 0.1s.
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Fig.2. The temporal evolutions of electron number
density n at 60km altitude.

As shown in Fig.3, the main negative ions near the
surface are oxygen ions O™, O5, O3 and O, , in which
O, is the dominant negative ion species throughout
the calculation period and increases to a maximum of
about 10% /cm? in 20us, while O~ increases to its max-
imum of 10%/cm? in 10ms. Carbon-bearing species in-
crease from the beginning. And the number densities
of all negative species are in the range of 10210 /cm3
in 10s.
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Fig.8. The temporal evolutions of the main negative
species near the surface.
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Figure 4 shows the temporal evolutions of the
main negative ions at 60km altitude. Only O~ and O,
exist with the number densities of about 1-100/cm3
in the time from 1lus to 1s. That means electrons
are dominant negative species even throughout the
reaction process, and the influence of other negative

species can be ignored.
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Fig.4. The temporal evolutions of the number density
n of the main negative species at 60km altitude.

Figures 5 and 6 show the temporal evolutions of
the main positive species. Positive reactions, as shown
in the figures, are complex in comparison with the neg-
ative reactions. Lifetimes of Het are 3x10%s at the
two altitudes. The number density of Het obeys expo-
nential damping law near the surface, but does not at
60km altitude, where it can be shown to be inversely-
proportional to the square root of time in the interval
from 10us to 1s. As shown in Fig.5, the main positive
species except He™ reach their maxima in 10us-10ms
near the surface. The main positive species devolution

is as follows:
Het - Nt — O — NOt,

NO™ is dominant after a period of 30ms.

As shown in Fig.6, Het, Nt, OF, O;’ and N;’ are
the dominant positive species at 60km altitude. NT,
N;’, Ot and O;’ increase first; as the time elapses, the
number density of NJ increases to a maximum value
of about 3x107/cm® in 10us, then decreases slowly
until 10ms, and obeys the exponential damping law
later. OF reaches its maximum of about 108 /cm? in
10us, then decreases following the exponential damp-
ing law, while the number density of Ot increases
to 6x10%/cm3 in about 10s, and N* increases to
3x10°/cm? in about 10s. O* and N+ ions dominate

over Het after a period of 1s.
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Fig.5. The temporal evolutions of the number density

n of the main positive species near the surface.
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Fig.6. The temporal evolutions of the number density
of the main positive species at 60km altitude.

4. Conclusions

A model has been built to simulate the chemical
processes in noble gases near the surface (the pressure
is 105Pa) and at high altitude (60km altitude in this
paper, 20Pa). The data of simulation at high altitude
are obtained through simulation of homologous low-
pressure plasmas. Some results at high altitude are
useful in low-pressure plasmas too.

(1) If the initial electron number density is high,
the electron lifetime in helium plasma with trace
amounts of air does not change with altitude, be-
cause dissociative attachment of electrons with ions
and three-body electron—electron attachment to pos-
itive ions dominate the deionization process in this
plasma. The trace amounts of air affect the chemical
processes greatly at low altitude after a long time, but
little at high altitude. Electrons do not obey the ex-
ponential damping law in a long period, and it can be

shown to be inversely proportional to the square root
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of time in a long period at high altitude. The electron
lifetime in helium with trace amounts of air is longer
than that in air near the surface of earth, but this is
not true at high altitude.

(2) Electron is the dominant negative species in
helium with trace amounts of air both at low alti-

tude and at high altitude. The main negative ions are

species of oxygen (O™, O5, O3 and Oy ) at low al-
titude. Little negative ions exist in the noble gas at
high altitude, and the influence of negative ions and
hydrated negative ions can be ignored. NOT is the
dominant positive species at the final stage at low al-
titude, compared with Nt at high altitude.
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