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Abstract. The dynamic behaviour of a positive column oxygen plasma is investig-
ated both experimentally and theoretically. In the experiment the response of the
discharge current to small external perturbations of the electrical field is measured.
Using these data the electrical impedance of the plasma is obtained dependent on
the frequency of the external perturbation. A drift approximation model is presen-
ted, which covers the experimental findings over a wide range of the perturbation
frequency. It appears that the influence of the fluctuations of the neutral species
is negligible and the dynamic behaviour of the plasma is mostly governed by the
charged particles. This provides a simple expression for the plasma impedance which
allows the reaction rate and transport coefficients, as well as discharge parameters,
to be validated.

1. Introduction
Oxygen plays a prominent role in electronegative plasmas. There are various tech-
nical applications for oxygen and plenty of data (such as electronic cross sections)
is available. This paper is devoted to the study of a positive column plasma of an
oxygen dc discharge.
Most investigations of oxygen plasmas focus on the equilibrium properties of the

plasma [1–6], such as the spatial structure or chemical composition. Considerably
fewer studies are concerned with the plasma stability [7–9]. Owing to the numerous
reaction channels involved, oxygen plasmas require quite complex models and thus
gaining a simple insight into the physics of the plasma is difficult. Since in every self-
consistent model the particle densities are coupled by the corresponding reaction
rates it is usually difficult to evaluate the influence of a certain process.
The analysis of the dynamic plasma behaviour provides a possibility to cut

off most of the plasma chemistry and to concentrate on the dominant charged
particles only [10, 11]. In this way one gains the possibility to validate single
reaction rates and to examine their influence on the plasma behaviour. This ap-
proach has been applied to an oxygen dc discharge with discharge parameters in the
range 0.75Torr cm < pr0 < 1.75Torr cm for the reduced pressure and 8mA cm−1

< I/r0 < 20mA cm−1 for the reduced discharge current. In the experiment two
probes have been placed in the positive column of the discharge to measure the
axial electrical field in this plasma. To obtain a linear response of the positive
column a small sinusoidal voltage, in the frequency range from 0.1 to 100 kHz, has
been superimposed on the discharge voltage. The variation of the electrical field
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Figure 1. Experimental setup.

in magnitude and its relative phase to the discharge current were measured. From
these data the reactance and resistivity, or more precisely the impedance per length
unit, is readily obtained.
Impedance investigations have been applied successfully to rare gases and they

helped, e.g., to clarify the interplay between stepwise and direct ionization processes
[12]. In the present paper, this method is applied to electronegative plasmas for the
first time. For the investigations the positive column of a cylindrical dc discharge
at low currents was used because of its simplicity. However, with suitable changes
this approach could be applied to more general situations as well.
Special attention has to be paid to the evaluation of the rates of the processes

involving electrons. As is usually the case in low-temperature plasmas, the electrons
are far from equilibrium. Therefore, the electron velocity distribution function
(EVDF) and the resulting rate and transport coefficients were determined for each
set of discharge parameters by solving the steady-state, spatially homogeneous
electron Boltzmann equation.
After describing the experimental setup and discharge conditions in Sec. 2 a

model for the dynamic behaviour of the plasma is presented in Sec. 3. Some approx-
imations and the resulting equations are also introduced. The theoretical results
are compared with the experimental findings and some implications are finally
discussed in Sec. 4.

2. Experimental setup
The measurements were realized in the positive column of a pure dc oxygen dis-
charge. Figure 1 shows the experimental setup.
The discharge was maintained in a glass tube with inner radius r0 = 2.5 cm in the

pressure range from 0.3 to 0.7 Torr and a discharge current between 1 and 50mA.
The distance between the electrodes was 60 cm.
An optimal cleaning of the discharge tube is necessary for reliable results. There-

fore, the tube is pumped to the end pressure of about 10−8 Torr and subsequently
heated for 24 hours at 350◦C. In order to keep the experimental conditions
temporally constant, the discharge was previously worked by a current of 100 mA
for about an hour.
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The electrical field was measured by means of two Langmuir probes (tungsten)
placed at a mutual distance of 5 cm in the positive column of the discharge. For
the determination of the plasma impedance the discharge voltage was modulated
with a sinusoidal signal from the function generator and the voltage drop between
the two probes was measured as a function of the current. In all measurements the
modulation degree was lower than 3%. The voltage drop, which is proportional to
the electrical field in the positive column, was recorded by a difference amplifier.
Its input consists of two active probes (TK) with a high input resistance (>5 MΩ)
and low input capacitance (<1.5 pF). Simultaneously, the amplitude of the current
modulation Î was measured by means of the resistor RI . In combination with the
discharge resistance and the load resistor Ra the resistor RI represents a voltage
divider with a capacitance regarding the ground. The voltage divider has to be
compensated for by a capacity parallel to RI . The resistance Rs = Ê cos φ/Î and
the reactance Rc = Ê sin φ/Î are determined by means of the measured voltage
drop and current modulation as well as the phase shift φ between these two signals.

3. Model of the impedance behaviour
The discharge is characterized by the following plasma parameters. The total
electron collision cross section for molecular oxygen is less than 8 × 10−16 cm2

for all electron energies [13]. Thus, the mean free path of the electrons is smaller
than 0.1 cm for the pressure range considered. This value is much smaller than
the tube radius r0 and the distance between the two probes, so that the electrons
can be treated in a drift-diffusion approximation. Typical mean electron energies
are somewhat lower than 4 eV. The ionization degree of the plasma is smaller
than 10−7 and the recombination of charged particles can be neglected. The Debye
length is less than about 0.05 cm and the plasma is assumed to be quasi-neutral.
Energy relaxation of the electrons with respect to field variations is guaranteed up
to frequencies of about 3×104 Hz (see [13,14]). Therefore, the rate coefficients and
collision frequencies, respectively, for electron collision processes can be chosen as
a function of the reduced electric field E/N . The rate and transport coefficients
of the electrons are determined by solving the spatially homogeneous, steady-
state Boltzmann equation of the electrons for a given E/N and cross section
data [13] using a modified version of the multiterm solution technique [15] adapted
to account for non-conservative electron collision processes [16].
For the discharge conditions the main charged particles are electrons (e), positive

ions (O+
2 ), and negative ions (O

−). Other ions such as O+ and O−
2 have comparatively

lower concentrations (see [3,10]). A strong link to the neutral species exists for the
negative ions mainly via their detachment in collisions with oxygen atoms (O) and
metastable singlet molecules (O∗

2 = O2(a 1Δg)) (see [5, 17]). Therefore, the latter
species have also been included in the model. Stepwise ionization, dissociation and
dissociative attachment of metastable molecules compete with the direct electron
collision processes of ground state molecules of O2 only for high fractions [O∗

2]/[O2].
Table 1 gives the main species included in the model, the dominant collision pro-
cesses as well as the rate coefficients and wall recombination probabilities.
For the theoretical description of the dynamic behaviour of the plasma a model

was derived consisting of the time-dependent balance equations for the relevant
species coupled with an expression for the discharge current. Assuming axial
homogeneity of the discharge plasma the discharge current is given in a drift
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Table 1. Reactions, rate coefficients and recombination probabilities at the wall used in
the model calculations.

Reaction Rate coefficient Reference

O2 + e → O∗
2 + e Km(E/N ) [13]

O2 + e → O+ O+ e Kdiss(E/N ) [13]
O2 + e → O+

2 + e+ e Kiz(E/N ) [13]
O2 + e → O+ O− Katt(E/N ) [13]
O∗
2 + e → O2 + e Ks (E/N ) [13] and detailed balancing
O− + O∗

2 → O3 + e Km
det = 1.9 × 10−10 cm3 s−1 [10]

O− + O → O2 + e KO
det = 2.3 × 10−10 cm3 s−1 [10]

Reaction Wall recombination probability Reference

O∗
2 + wall → O2 γm = 4 × 10−4 Estimated
O+ wall → 1

2O2 γO = 4 × 10−3 Estimated

approximation by the relation

I(t) = e02π

∫ r0

0
r[μeNe(r, t) + μnNn(r, t) + μpNp(r, t)]E(t) dr. (3.1)

Here μj and Nj (r, t) with j = e,n,p denote the mobility and particle density,
respectively, of electrons (e), negative (n) and positive (p) ions. The axial electric field
strength E(t) is radially constant according to Maxwell’s equations. The electron
mobility μe(E/N) was determined from the solution of the electron Boltzmann
equation mentioned above. Values for the mobilities of O− and O+

2 in oxygen can
be found in [18, 19]. Neglecting radial changes of the total gas density N and
assuming quasi-neutrality, expression (3.1) reads

I(t) = e0πr2
0 [(μe + μp)N̄e(t) + (μn + μp)N̄n(t)]E(t), (3.2)

where

N̄j (t) =
2
r2
0

∫ r0

0
rNj (r, t) dr (3.3)

is the density of species j averaged over the cross section of the discharge tube.
The corresponding balance equations describing the behaviour of the spatially

averaged particle density of the prevailing species are

∂N̄e(t)
∂t

+
N̄e(t)
τe(t)

= [Kiz(E/N) − Katt(E/N)]NO2N̄e(t)

+
(
Km
detN̄m(t) + KO

detN̄O(t)
)
N̄n(t), (3.4a)

∂N̄n(t)
∂t

+
N̄n(t)
τn(t)

= Katt(E/N)NO2N̄e(t)

−
(
Km
detN̄m(t) + KO

detN̄O(t)
)
N̄n(t), (3.4b)

∂N̄m(t)
∂t

+
N̄m(t)
τm(t)

= Km(E/N)NO2N̄e(t)

− Km
detN̄m(t)N̄n(t) − Ks(E/N)N̄m(t)N̄e(t), (3.4c)

∂N̄O(t)
∂t

+
N̄O(t)
τO(t)

= 2Kdiss(E/N)NO2N̄e(t) − KO
detN̄O(t)N̄n(t). (3.4d)
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Figure 2. Rate coefficients as a function of E/N for the electron collision processes
in Table 1.

In this system of coupled ordinary differential equations for electrons (e), negat-
ive ions (n), metastable molecules (m) and oxygen atoms (O), NO2 is the density of
ground state oxygen molecules and τj with j = e,n,m,O denotes the lifetime due
to wall loss of the respective species. This lifetime replaces the divergence of the
radial flux after averaging over the cross section of the tube and is discussed below.
Note that in deriving system (3.4) the spatial average of a product of two densities
is approximated by the product of the average densities, because the radial profile
of the neutral species is flat [17].
A balance of the positive ions is not required, because the plasma is supposed

to be quasi-neutral. The argument E/N of the rate coefficients indicates that
these quantities were determined by solving the electron Boltzmann equation. The
dependence of the various rate coefficients on the reduced electric field is displayed
in Fig. 2.
The right-hand side of system (3.4) describes the volume processes of particle

gain and loss. The left-hand side takes into account the wall losses of the particles
due to radial fluxes. For the electrons the radial flux to the wall jer at steady state
is given in the drift-diffusion approximation by the relation [20]

jer(r) = −μp
De

μe

[
1 + α(r)

(
1 +

μn
μp

)]
∂Ne(r)

∂r
, (3.5)

whereDe is the diffusion coefficient of the electrons and α(r) = Nn(r)/Ne(r) denotes
the electronegativity. The radial averaging of the divergence of jer(r) over the cross
section of the tube yields the expression

1
τe

=
2
r0

jer(r0)
N̄e

(3.6)

for the lifetime of the electrons. The determination of τe from this relation requires
knowledge of the radial profile of the electron density, which is a challenging
problem for electronegative plasmas [21]. However, the direct calculation of τe can
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be circumvented. Assuming that the radial electric field traps the negative ions,
they do not reach the wall, i.e. 1/τn = 0 (see [11, 21]). Thus, the loss of negative
ions by detachment has to compensate for the gain due to electron attachment in
the equilibrium positive column according to (3.4b). At the same time the relation
τ−1
e = Kiz(E/N)NO2 follows from (3.4a), which was employed in the present study.
The lifetime τj of the oxygen atoms (j = O) and the metastable molecules (j = m)

can be estimated by [22]

τ−1
j =

γj v̄j

2r0
, (3.7)

where γj denotes the probability of recombination of the species j at the wall
and v̄j is its mean thermal velocity, i.e. v̄j = (8kBTj/πMj )1/2 with the Boltzmann
constant kB and the temperature Tj of the species of mass Mj . The values for
the recombination probabilities γO and γm used in the present studies are given in
Table 1. In the literature a variation by about an order of magnitude is found for
these recombination probabilities on glass (see, e.g., [10, 22–24]). One reason could
be their sensitive dependence on the discharge parameters and surface properties.
As the wall recombination constitutes an important loss channel for the oxygen
atoms and metastable oxygen molecules, the equilibrium density values of O∗

2 and
O as calculated by (3.4c) and (3.4d) have to be considered with special care.
Before turning to the dynamic plasma behaviour the equilibrium state is con-

sidered. The particle densities at plasma equilibrium are determined by the current
balance (3.2) and the stationary balance equations (3.4b)–(3.4d) for given discharge
current, pressure, tube radius and measured electric field. In the following the
equilibrium values of the discharge current, electric field and particle densities are
indicated by the additional index ‘0’. Note that for the determination of the reduced
field E0/N at equilibrium, gas heating in the active plasma also has to be taken
into account. Therefore, the mean gas temperature Tg is estimated by [25]

Tg = 330 K+ 230 K
E0I0

[W cm−1 ]
(3.8)

and the gas density N is obtained from the pressure p0 by the ideal gas law.
From the expression (3.2) for the discharge current a relation for the electrical

impedance per length unit Z can be derived. If the discharge is weakly externally
driven, the properties of the discharge vary slightly around their equilibrium values.
Thus, the temporal variation of the discharge properties can be approximated by
Ā(t) = Ā0 + Ã(t), where Ã(t) is a small correction with Ã(t) � Ā0 and A represents
the discharge current, electric field and particle densities Nj with j = e,n,m,O.
Assuming that the small field variation only has a small influence on the mobilities
of the charged particles, the electrical impedance per length unit Z = Ẽ(t)/Ĩ(t) of
the positive column is determined from (3.2) and reads

Z =
E0

I0

(
1 +

E0 [(μe + μp)(Ñe(t)/Ẽ(t)) + (μn + μp)(Ñn(t)/Ẽ(t))]
(μe + μp)N̄e0 + (μn + μp)N̄n0

)−1

(3.9a)

≈ E0

I0

(
1 +

E0

N̄e0

Ñe(t)
Ẽ(t)

)−1

. (3.9b)

In the approximation formula (3.9b) the estimations μe � αμj with j = n,p were
used. Apart from the equilibrium values E0 , I0 , Ne0 and Nn0 expression (3.9a)
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contains the ratios Ñe(t)/Ẽ(t) and Ñn(t)/Ẽ(t). These ratios have to be specified by
using the time-dependent balance equations (3.4). Since the plasma equilibrium is
disturbed only weakly, this set of balance equations is linearized about equilibrium
with respect to the modulations of the discharge parameters. The change of the rate
coefficients is also accounted for up to first order according to, e.g., Kiz(E/N) =
Kiz(E0/N)+Ẽ(t)∂Kiz(E/N)/∂E|E0 . The lifetimes due to wall loss are taken at their
equilibrium value because, e.g., τ−1

e defined in (3.6) is directly proportional to the
characteristic electron energy ue = e0De/μe which in turn satisfies E0∂ue/∂E � ue.
All modulations are characterized by the phase frequency ω, the amplitude N̂j

and relative phase φj of the plasma component j with j = e,n,m,O and they can be
expressed by the relation Ñj (t) = N̂j exp(i(ωt+φj )). Thus, a linear, inhomogeneous
system of four equations for the ratios Ñj (t)/Ẽ(t) results. From these ratios the
phase shifts with respect to the electric field

φj = arctan
(
Im(Ñj (t)/Ẽ(t))
Re(Ñj (t)/Ẽ(t))

)
+ kπ (3.10)

and the amplitudes of the modulations

N̂j /N̄j0

Ê/E0
=

∣∣∣∣ Ñj (t)
Ẽ(t)

∣∣∣∣ E0

N̄j0
(3.11)

are obtained, where the phase of the electric field was set to φE=0 in (3.10). The
parameter k has to be chosen to be k = 0 for Re(Ñj (t)/Ẽ(t)) > 0, k = +1 for
Re(Ñj (t)/Ẽ(t)) < 0 and Im(Ñj (t)/Ẽ(t)) > 0 and k = −1 for Re(Ñj (t)/Ẽ(t)) < 0
and Im(Ñj (t)/Ẽ(t)) < 0. The amplitudes of the modulations in (3.11) are related
to their equilibrium values and the modulation degree of the electric field.
To determine the electrical impedance Z and the related quantities given by

(3.10) and (3.11), the linearized balance equations (3.4) were solved with respect to
the ratios Ñj (t)/Ẽ(t) at given discharge current I0 , pressure p0 , tube radius r0 and
measured electric field E0 .

4. Results and discussion
Depending on the discharge conditions the positive column of an oxygen discharge
exists in two modes [26]. For higher values of the discharge current the positive
column of the discharge is maintained by higher electric fields (a so-called H-mode
with E about 10V cm−1). Decreasing the current, the positive column becomes
unstable accompanied by a sudden jump to lower mean values of the electric field
(the T-mode withE about 4V cm−1). This transition shows a pronounced hysteresis
behaviour as illustrated in Fig. 3. Here the discharge current was tuned from
lower to higher values and vice versa. The impedance investigations discussed in
the following were carried out in the H-mode regime.
Figure 4 compares the theoretical results with the experimental data for the im-

pedance at two different discharge conditions, i.e. at (a) p0 = 0.7Torr and I0 = 32mA
and (b) p0 = 0.5Torr and I0 = 16mA. The resistance Rs =Re(Z) and reactance
Rc = Im(Z) of the positive column are represented in a parametric plot. The
impedance curves are parameterized by the frequency of the external perturbation.
Each point on the curves corresponds to a frequency in the range from 0.3 to 80 kHz.
The dotted line for the experimental results at discharge condition (b) indicates
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Figure 3. Measured axial electric field versus discharge current in the positive column at
p = 0.5 Torr.

Figure 4. Impedance of the positive column parameterized by the frequency at (a)
p0 = 0.7 Torr and I0 = 32 mA and (b) p0 = 0.5 Torr and I0 = 16 mA. Frequency labels
from left to right: 300 Hz, 1, 2, . . . , 9 kHz and 10, 20, . . . , 80 kHz.

that in the frequency range between 8 and 40 kHz the positive column became
unstable and no reliable measurements were possible for this frequency range. As
can be seen from Fig. 4 the model calculations show satisfactory agreement with the
experimental data over a wide range of frequencies. This confirms the theoretical
approach and validates the rate coefficients used.
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Figure 5. Calculated phase shifts to the electric field φj with j = e, n,m,O for electrons
(e), O− ions (n), metastable O∗

2 molecules (m) and atomic oxygen (O) at p0 = 0.7 Torr and
I0 = 32 mA.

In the following, results at the standard discharge condition, i.e. condition (a)
with p0 = 0.7Torr and I0 = 32mA, are discussed inmore detail. The gas temperature
Tg at this condition was estimated to be about 420K by means of (3.8) with an
equilibrium electric field E0 = 12Vcm−1 . Under this condition the electron mobil-
ity was calculated to be μe = 1.13 × 106 cm2 V−1 s−1 . The solution of the balance
equations (3.4) for the dc discharge condition yields an equilibrium concentration of
metastable oxygen molecules of 7.9% and of atomic oxygen of 2.3% of the neutral
gas, respectively. For the electronegativity of the plasma, the value α = 2.2 is
found.
Applying a sinusoidal perturbation the particle densities respond in a sinusoidal

manner as well, but are shifted in phase with regard to the variation of the external
electric field. Figure 5 shows the phase shifts of the particle densities to the electric
field φj with j = e,n,m,O as determined from (3.10). For frequencies up to at
least 3 × 104 Hz the modulation of the mean electron energy is in phase with
the modulation of the electric field. At a fixed frequency the species described by
the lower lying curve precede the corresponding densities above by the difference
between the curves. The phase shift between the densities of electrons and negative
ions increases from zero for low frequencies to about π/2 for higher frequencies. At
low frequencies the neutral species are ahead of the modulations of the electrons
by π/2 and in antiphase to the mean electron energy. For higher frequencies the
phase relation between electrons and neutral species is reversed and the neutral
species lag in phase by π/2.
If the external perturbation is sufficiently small, the amplitudes of all mod-

ulations are expected to depend linearly on the size of the perturbation. This
means that all amplitudes are mutually proportional to each other. Therefore, it is
necessary to relate the amplitudes to one of the quantities. In (3.11) the amplitude
of the external electric field fluctuation Ê was chosen for that purpose. Furthermore,
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Figure 6. Frequency dependence of the calculated amplitudes aj = (N̂j /Nj 0 )/(Ê/E0 ) with
j = e, n,m,O for electrons (e), O− ions (n), metastable O∗

2 molecules (m) and atomic oxygen
(O) under standard discharge conditions.

rather the modulation degree N̂j /N̄j0 of the particle density of species j is of phy-
sical significance than the absolute value of its amplitude N̂j . This is the reason for
defining the dimensionless quantities (relative amplitudes) as given by (3.11).
Figure 6 shows the relative amplitudes of the fluctuations of the particle dens-

ities in dependence on the perturbation frequency. The relative amplitudes can be
interpreted as the modulation degree N̂j /N̄j0 of the particle density of species j
as a percentage for a given modulation degree of 1% in the electric field. The
modulation degrees of the densities considered decrease with increasing frequency
of the external perturbation. For frequencies f larger than 300 Hz, the modulation
degree of the neutral species is at least two orders of magnitude lower than that of
the charged particles. This is readily understood if one bears in mind that the main
loss channel for metastable oxygen molecules O∗

2 and atomic oxygen O is diffusion
to the wall. From (3.7) the wall loss frequencies (νj = τ−1

j ) of the neutral species
are νm = 5 Hz for the metastable molecules and νO = 37 Hz for atomic oxygen
at the discharge condition considered. Comparing these wall loss frequencies to
the external frequency, one can conclude that the neutral species cannot follow
the rapid frequency changes. This motivates us to treat the metastable molecules
and atomic oxygen as a stationary background for the dynamic behaviour of the
discharge at frequencies above 300 Hz.
In the frame of this approximation of quasi-stationary detachment partners

O∗
2 and O their densities are described by the steady-state version of (3.4c) and
(3.4d), respectively, i.e. setting ∂N̄m(t)/∂t = ∂N̄O(t)/∂t = 0. Then, the detachment
frequency νdet given by

νdet = Km
detN̄m + KO

detN̄O (4.1)

on the right-hand side of (3.4a) and (3.4b) becomes time-independent and the tem-
poral variation of the charged particles is coupled to the density of metastable mole-
cules and atomic oxygen via this frequency only. Bymeans of this simplification and
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Figure 7. Influence of the gas temperature Tg on the plasma impedance parameterized by the
frequency under standard discharge conditions. Frequency labels from left to right: 300 Hz,
1, 2, . . . , 9 kHz and 10, 20, . . . , 80 kHz.

starting from the approximation formula (3.9b), the plasma impedance is explicitly
given by

Z =
E0

I0

(
1 + E0

ν ′
iz(E0/N)(1 − iνdet/ω) − ν ′

att(E0/N)
iω + νatt(E0/N) + νdet

)−1

, (4.2)

where ν ′
j (E0/N) = ∂νj (E/N)/∂E|E0 and νj (E/N) = NO2Kj (E/N) is the ioniz-

ation frequency for j = iz and attachment frequency for j = att, respectively.
Expression (4.2) contains the relevant physical information of the impedance be-
haviour. Using relation (4.2) the influence of the temperature of the gas and the
detachment frequency νdet on the impedance of the plasma is analysed.
The gas temperature Tg affects the value of the rate coefficients Kj (E/N) for

electron collisions in Table 1, because the reduced electric field E/N depends on
Tg via the gas density N for a given pressure p0 . Figure 7 shows the influence
of the gas temperature on the impedance of the plasma. Qualitative agreement
of the theoretical results with the experimental data is found for the entire gas
temperature range considered with best quantitative coincidence at temperatures
around 420 K. This confirms the estimate (3.8) for the gas temperature and gives
a means to estimate the gas temperature independently.
The increasing deviations between measured and calculated impedance values

for frequencies above 10 kHz are caused by the fact that the EVDF is no longer in
equilibrium with the external electric field so that the assumption Kj = Kj (E/N)
for the reaction rate coefficients of electron collision processes begins to break down.
The influence of the detachment frequency νdet on the plasma impedance is

illustrated in Fig. 8. Here, results of model calculations for the two values νdet = 166
and 331 kHz are compared with the experimental data for the frequency range from
0.3 to 40 kHz, where the assumptions made to derive (4.2) are justified. That is, the
neutral species O∗

2 and O can be considered as quasi-stationary and the electrons
are in equilibrium with the variation of the electric field.
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Figure 8. Influence of the detachment frequency νdet on the plasma impedance parameterized
by the frequency under standard discharge conditions. Frequency labels from left to right:
300 Hz, 1, 2, . . . , 9 kHz and 10, 20, . . . , 40 kHz.

The value νdet = 331 kHz corresponds to a concentration of 7.9% for O∗
2 and 2.3%

for O at the discharge conditions p0 = 0.7 Torr, I0 = 32 mA and Tg = 420 K (see
above). At this detachment frequency remarkable discrepancies in the frequency
dependence of the theoretical results compared with the measured values are ob-
vious (cf. the lower graph in Figure 8). These differences disappear when reducing
the detachment frequency by a factor of two, i.e. νdet = 166 kHz corresponding to
a concentration of the detachment partners of about 6% for O∗

2 and O together.
The equilibrium densities of the neutral species as calculated by the balance

equations (3.4c) and (3.4d) are very sensitive to, e.g., the inclusion of additional
quenching processes for the metastable molecules [27] or the rise of the value of
the quenching probability on the wall γm each resulting in lower concentrations of
O∗

2 . Unfortunately, experimental data are not available for the densities of atomic
oxygen and metastable oxygen molecules at the discharge conditions considered.
Using the similarity law [28] the standard discharge condition corresponds to the
situation p0 = 3 Torr and I0 = 7.7 mA in [10]. Extrapolating the experimental
curves given in [10, Figs. 2 and 3] to the present standard discharge condition a
value of about 4% for the concentration of O∗

2 and 2% for O is expected. This
confirms the predictions of the simplified description of the plasma impedance by
means of relation (4.2) and assuming νdet = 166 kHz.

5. Conclusion
The dynamic behaviour of the positive column plasma of dc discharges in oxygen
has been studied using experiments and modelling. Despite the rather complex
chemistry of oxygen plasmas its impedance behaviour can be described well by
means of a comparatively simple model, in essence by relation (4.2), because the
dynamic behaviour of the plasma is governed mostly by the dynamics of the
charged particles. Thus, only two electronic reaction rate coefficients are required,
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namely the ionization rate coefficient Kiz and the attachment rate coefficient Katt,
for modelling the dynamical plasma behaviour and the rest of the plasma chemistry
is contained in the single parameter of the detachment frequency νdet.
The model provides an accurate description of the experimental impedance data

for the investigated parameter range of oxygen discharges. It can be utilized to
validate the reaction rate coefficients and discharge parameters. An extension of
the approach for the analysis of other electronegative plasmas and more general
situations is possible.
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