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Plasma instabilities with charged particle production processes in non-equilibrium plasma are analysed. A cri-

terion on plasma instabilities is deduced by first-order perturbation theory. The relationship between plasma

instabilities and certain factors (degree of non-equilibrium in plasma, the electron attachment rate coeflicient and

electron temperature) are described.

PACS: 52.35.—g, 52.25. Dg, 52.20.Fs

It is well known that there have been many stud-
ies on instabilities of high-temperature plasmas. Some
studies on the instabilities of low-temperature plasmas
with attaching gases have been carried out, and some
phenomena of instability in low temperature plasmas
have been observed.['~8 However, further research on
instability in low-temperature plasmas, especially in
non-equilibrium plasmas, is needed. In general, there
are two types of instabilities in low-temperature plas-
mas: charged-particle production instability and ther-
mal instability. The instability behaviour is usually
manifested in the form of striations and/or constric-
tion of plasmas. In this Letter, we study the first kind
of instability and analyse the relationship between in-
stability and certain factors in a plasma (degree of
non-equilibrium of the plasma, rate coefficients of re-
action in the plasma) with the first-order perturbation
theory. Also, we deduce a criterion of instability in
non-equilibrium plasmas.

We assume that the plasma medium is a flowing
gas in the discharge chamber and it is an attaching
gas. Then the conservation equations for electron and
negative ions read

Dn,
Dt
=nenk; + npnkq + npnekg — nenpky — nenkg,

(1)

+n.V-U+V-(nU.)

Dn,
=nenky, — nnnpki — npnky — nancky, (2)

where D/Dt = 9/0t 4+ U - V, U is the velocity of gas
flow, n. is the electron density, n,, is the density of
the negative ions, n is the density of the neutral par-
ticles, n,, is the density of positive ions, U, and U, are
the diffusion velocities of the electron and the nega-
tive ion respectively; ki, ka, ka, k5, kS, and ki are the
electron production rate coefficient, detachment rate
coefficient, attachment rate coefficient, detachment

rate coefficient for electron collision, the recombina-
tion rate coefficient for the electron and positive ions
and the recombination rate coefficient for positive-ion
and negative-ion respectively. For the flowing gas dis-
charge plasma, the characteristic time of the gas flow is
much longer than the time scale of the charged particle
production and the space charges relaxation. There-
fore, Egs. (1) and (2) can be reduced to

on.
Me _ nenk; + npnkq + npnek§ — nenpky — nenkq,
ot
(3)
ony, .
% = nenky — npnpks. — npnkq — nyneky. (4)

If there are perturbations in the plasma, each of the
densities n., ny, and n, and the charged-particle tem-
peratures T, and T, can be considered to be composed
of a steady-state value and a small spatially and tem-
porally varying quantity, i.e.

Ne = N + N,
T, = Te +Te7

Ny = Ny + N, Np = N + Ny,

T, =T, + Tgv (5)

where T, and T} are the electron temperature and the
heavy particle temperature respectively. The first or-
der perturbations in the rate coefficients have been
expressed in terms of the electron temperature per-
turbations and heavy particles temperature perturba-
tions, i.e.
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The first-order equations for the perturbations in
the electron and negative-ion densities are

e _ _ o _
; = i (nk; — ke — ke — nkq + pkS)
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The perturbations in the plasma properties are rep-
resented in the usual way by a superposition of their
Fourier components:

ﬁek — ,',Lekeiu)t7 iwt

~ ot
Tek = Tekezw )

Npk = Npk€

Tgk = Tgkeiwt. (9)

After some minor algebraic manipulations involving
the steady state form of Egs. (3) and (4), we can ob-
tain

Bek () = — Dk ( K+ —nkd)
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where 7, and 7, are, respectively, the total electron
energy exchange collision frequency and the momen-
tum transfer collision frequency with the caret nota-
tion referring to logarithmic derivatives with respect
to electron temperature, 0, = 1 + vy — Dy, cos(26); ¢
is the angle between the direction of the steady state
electric field and the wave propagation vector k. We
introduce the following relation:

Lo _ (Tgk/Tg)Tek _ Tk (14)

T, T./T.)T. "T,’

where

= (7)/(7) (13
Thus we can obtain
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The two roots of Eq. (16) can be expressed in the
form

b 1
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The condition of production instability for the non-
equilibrium plasma is

w >0, (20)

Careful consideration of the various physical pro-
cesses contributing to the terms in the coefficients b
and ¢ shows that when b < 0, the negative ion mode
and the ionization mode are unstable. Therefore, the
criterion for the charged particle production instabil-
ities can be expressed by

nkike; — ipkfkS — nkokg + nnkSke + Nl kglg < 0.
Ne
(21)

Table 1.

temperature in Kelvin.

In general, the density of the neutral particles is
much higher than the density of the negative and pos-
itive particles in the low-temperature plasma, so cri-
terion (21) can be simplified into

kik; A kak
g 2 (22)
koka  Te ok

Criterion (22) indicates that if there is greater at-
tachment rate coefficient for the negative ions in the
gas medium and higher degree of non-equilibrium in
plasma, more instability will exist in the plasma.

In the following, we consider the oxygen plasma
and calculate the relationship between the instability
and certain factors (different electron temperatures,
different attachment rate coefficients and different de-
grees of non-equilibrium in the plasma). Some rates
coefficients of reactions in the oxygen plasma are listed
in Table 1.[°—12]

Rate coefficients of reactions in oxygen plasma with the electron temperature in units of eV and the heavy particle

Type Reaction Rate coefficient (cm?®/s)
1 Ionization e+ Oy — O;r + 2e 9.0 x 10710T£'58(712'6 Te)
2 Ionization e+ 05— O+ 01 +2¢ 5.3 X 10710T£'96(720/T€)
3 Ionization e+0 — Ot +2¢ 9.0 x 10~ 970:7¢(—13.6/T)
4 Attachment e+0; -0~ +0 8.8 X 10~ 11e(—4.4/T¢)
5 Attachment e+0s 50" +0t +e 7.1 % 10_11T80'56(_17/TE)
6 Detachment O~"4+0—>05+e¢ 6.1 X 10_11T;'056(_16998'6/T9)
of attachment reactions 4 and 5 respectively. Figure 3
10-12F T ' ' ' — X 1 shows the relationship between the electron tempera-
— E A,A’A’D,D—D b ture and F' for different rate coefficients of attachment
7 -0 3 .
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Fig. 1. Relationship between electron temperature 7T, and .g 1016k ’O/O’O 4
rate coefficients of ionization reactions with k11, k12 and & 0" E
k13 being the rate coefficients of ionization reactions 1-3 § 1 o” 3
listed in Table 1. o F 5" —o—kan 4
&6 L /o/ —o— ka2 E
Figures 1-4 show the calculation results for the 10729 _° 1

oxygen plasma with the data listed in Table 1. Figure
1 displays the relationship between the electron tem-
perature T, and the rate coefficients of the ionization
reactions, where k11, k12 and ki3 are the rate coeffi-
cients of ionization reactions 1-3, respectively. Figure
2 exhibits the relationship between the electron tem-
perature T, and the rate coefficients of attachment re-
actions, in which k9 and koo are the rate coefficients

08 10 12 14 16 1.8 2.0
Electron temperature T, (eV)
Fig. 2. Relationship between electron temperature T and

rate coefficients of attachment reactions with kg1 and koo
being the rate coefficients of attachment reactions 4 and 5.

It can be seen from Fig. 3 that when the medium
gas has a greater attachment rate coefficient, there
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Fig. 3. Relationship between electron temperature and F'

for different rate coefficients of attachment reactions with
N =0.8 and n = 0.1.
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Fig. 4. Relationship between electron temperature and F'
for different n with N = 0.8.

appears to be greater instability in the plasma at the

same electron temperature. Figure 4 shows the rela-
tionship between electron temperature and F' for dif-
ferent 7. It is obvious that the higher the degree of
non-equilibrium, the greater the instability in plasma
at the same electron temperature. Here 7 is related
to the degree of non-equilibrium in plasma. When 7
is small, it means high degree of non-equilibrium in
plasma.

In non-equilibrium plasma (including non-thermal
plasma at atmospheric pressure and cold plasma at
low pressure), there appear some instabilities with at-
tachment processes of negative ions and degree of non-
equilibrium in plasma. In Figs.3 and 4, when F < 1,
the plasma is unstable. In general, the greater the
attachment rate coefficient and the higher the degree
of non-equilibrium, the greater the instability in the
plasma.
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