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Abstract

Non-equilibrium plasmas can be generated by atmospheric pressure glow discharges, amongst others by atmospheric pressure plasma

jets (APPJ), which feature a capacitive radio-frequency discharge between bare metallic electrodes.

We investigated the stability conditions for discharges in an APPJ operated with helium–argon mixtures. Uniform a-discharges can be

sustained in mixtures ranging from pure helium to pure argon. The ignition voltage increases drastically with argon content. There is also

an upper limit for the existence of the a-mode, where a-sheath breakdown occurs. Critical plasma parameters for the a-mode were

determined by equivalent circuit models and discussed in respect to dependences on the different models. A critical electron density of

2.4� 1011 cm�3 was obtained for pure helium. It increases steadily with argon content and reaches a value of 1.2� 1012 cm�3 for pure

argon. Sheath thicknesses for a-sheath breakdown were calculated in the range of 0.17–0.29mm for helium–argon mixtures.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Presently, atmospheric pressure glow discharges
(APGD) are a subject of widespread research, as they are
capable to produce non-equilibrium plasmas at ambient
pressure, and thus are able to get rid of expensive vacuum
equipment. The atmospheric pressure plasma jet (APPJ)
is one of the newly developed plasma sources, which
accomplishes this objective [1]. Its main feature is the rare
gas stabilized, capacitive radio-frequency (RF) discharge
between two bare metallic electrodes. The APPJ is operated
in the so-called a-mode of an RF discharge, where the
discharge is sustained by bulk ionization [2,3]. The a-mode
can be maintained over a wide power range, but there is an
upper limit where a-sheath breakdown occurs and a
g-mode of an RF discharge is ignited [4–7]. The g-mode
is sustained by secondary electron emission from the
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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electrode surface. The APPJ is usually operated with either
pure helium or argon or only with small admixtures of
molecular gases to these rare gases [2–10]. The aim of the
present work is the investigation of the stability range of
APPJs operated with helium–argon process gas mixtures.
Furthermore, the assessment of plasma parameters using
equivalent circuit models is described and discussed.

2. Experimental details

As the home-made APPJ is described elsewhere, only the
most important details will be given here [4,7].
The discharge is produced between two solid planar

water-cooled copper electrodes; one is RF powered the
other one is grounded. The effective surface area A of the
electrodes is approximately 38 cm2. The construction
allows a variation of the gap spacing between 0.5 and
2.5mm; a gap spacing d of 1mm is used throughout the
experiments. The APPJ is operated with helium–argon gas
mixtures at a gas flow rate of 3.75mmol/s at an ambient
pressure p of 995 hPa.
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RF power (f ¼ 13.56MHz) was supplied to the APPJ via
an impedance matching network. The voltage and the
current of the APPJ were measured simultaneously using a
high voltage probe (Tektronix P5100 with a bandwidth
of 250MHz), a current probe (Tektronix P6021 AC with
a bandwidth of 60MHz) and a digital oscilloscope
(Tektronix TDS 3052B with a bandwidth of 500MHz).
Peak values of voltage V0 and current I0 and the phase
angle j were derived from the measurements. The
dissipated RF power P was calculated by

P ¼
I0V 0

2
cos j. (1)

The presence of higher harmonics was checked. An
evaluation of measurements on the unignited open-air
APPJ revealed a parasitic capacitance Cpara of 47.9 pF in
parallel to the parallel plate capacitance Cpl given by

Cpl ¼
�0A

d
¼ 33:6 pF, (2)

where e0 is the permittivity of vacuum.
A digital camera (Canon EOS 350D) with a macro photo

lens (Canon MP-E 65mm) was used to record the
discharge patterns.

3. Equivalent circuit models

In order to derive plasma parameters from the electrical
measurements an adequate model is needed. Fig. 1 depicts
the situation. In case of full coverage of the electrodes with
a discharge Cpara is in parallel to the plasma impedance
Zplasma (Fig. 1a), the discharge voltage Vd is equal to V0,
but the discharge current Id has to be calculated by

Id ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðoCparaV 0Þ

2
þ I20 � 2oCparaV0I0 sin j

q
, (3)

where o is the angular frequency of the driving RF field
(o ¼ 2pf). The discharge current density Jd is than given by

Jd ¼
Id

A
, (4)

where A is equal to the cross section of the discharge
Aplasma. The absolute value of the plasma impedance
|Zplasma| and the phase angle of the discharge jd is than
Cpara Cpara

Zplasma

C´sh

C´sh

R´

Fig. 1. Equivalent circuit models: (a) parasitic capacitance being in paral
given by

Zplasma

�� �� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðoCparaÞ

2
þ I0

V0

� �2
� 2oCpara

I0
V0

sin j

r , (5)

jd ¼ arccos
I0

Id

cos j
� �

. (6)

In some papers the effect of the parasitic capacitance was
not accounted for, which makes a comparison of results
difficult [3,5].
According to Lieberman the impedance of a plasma slab

of thickness Dplasma and cross section Aplasma can be
described by a series combination of a plasma resistance
Rplasma and a plasma inductance Lplasma being in parallel to
a vacuum capacitance C0 as shown in Fig. 1c [11]. Lplasma

represents the inertia of the electrons in the electrical field,
but at atmospheric pressure electron-neutral collision
frequency for momentum transfer is so high that the
inertia can be neglected. In many cases also the displace-
ment current through C0 is much smaller than the
conduction current through Rplasma and Lplasma. Hence,
often the impedance of the plasma slab may be simplified
to a plasma resistance R0plasma (Fig. 1b).
In case of an a sheath of an RF discharge the sheath

resistance is very high so that the sheath can be represented
by a capacitance Csh. In the simplest case one would
assume that Csh is the vacuum capacitance for a sheath
thickness dsh whereby

Dplasma ¼ d � 2dsh. (7)

However, an investigation by Lieberman for a collisional
sheath revealed a somewhat different sheath capacitance,
which is given by

Csh ¼
�0�rAplasma

dsh

, (8)

where er is equal to 1.52 [11]. Note, for C0sh the same
equation is valid, but C0sh is equal to Csh only in case of
neglected Lplasma and C0.
In case of the situation shown in Fig. 1b the plasma

resistance R0plasma and the sheath capacitance C0sh may be
Cpara

Csh

C0

Csh

plasma

Rplasma

Lplasma

lel to the plasma impedance, (b) simplified model and (c) full model.
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calculated by

R0plasma ¼ Zplasma

�� �� cos jd , (9)

C0sh ¼
2

o Zplasma

�� �� sin jd

. (10)

If C0 is taken into account and Lplasma is still neglected
the sheath capacitance Csh and the plasma resistance
Rplasma can be obtained by the following transformation
equations:
Discharge current (rms) [A]
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Fig. 2. Current–voltage (I–V) curves of the discharge in the APPJ at

atmospheric pressure for different helium–argon gas mixtures at a gap

spacing of 1mm. Displacement currents due to parasitic capacitances are

eliminated.

Csh ¼ C0sh

2Cplð2� �rÞ � C0sh �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2�rCplÞ

2
� 4�rCplC

0
sh þ C0

2
sh þ ð�r � 1Þð2oCplC

0
shR0plasmaÞ

2
q

4Cpl þ CplðoC0shR0plasmaÞ
2
� 2C0sh

, (11)
Rplasma ¼
2ðCsh � 2�rCplÞðCsh � C0shÞ

o2C2
shCplC

0
shR0plasma

. (12)

In most cases the results obtained from Eqs. (9) and (10)
are sufficient accurate and there is no need for an
evaluation which includes C0. Than the sheath thickness
dsh can be calculated by combining Eqs. (8) and (10) to

dsh ¼
1:52�0Aplasma

2
o Zplasma

�� �� sin jd . (13)

The current in the bulk of the plasma is dominated by
electron motion, hence, the electron density in the plasma
bulk ne is given by

ne ¼ �
Jd

evd

, (14)

where e is the unit charge and vd is the drift velocity of the
electrons, which is usually given by

vd ¼ meE, (15)

where me is electron mobility and E the electrical field
strength [11–13]. However, at electrical field strengths
present in the a discharges, the electron mobilities in
helium and argon show a non-linear behaviour [14,15]; an
approximation to a diagram given by Ref. [15] delivers

vd;He ¼ 1:19� 104
E

p

� �0:46

, (16)

vd;Ar ¼ 4:68� 104
E

p

� �0:2

. (17)

As a first approximation a drift velocity of electrons in
mixtures of helium and argon may be obtained by linear
weighting. In order to determine the electron density ne the
electrical field strength E in the plasma bulk is needed,
which can be calculated by

E ¼
IdR0plasma

d � 2dsh

. (18)
4. Results and discussions

Within a 1mm gap a discharge in helium may be ignited
at rms voltages (peak voltages divided by the square root of
2) as low as approximately 100V. With increasing argon
content more and more voltage is needed; for pure argon
roughly 500V are required. Fig. 2 exhibits the a-discharge
regimes of all helium–argon mixtures investigated. As can
be seen there is virtually no over-voltage needed for the
ignition of an a discharge in pure helium, but a very high
over-voltage in pure argon. It was reported that the
ignition in argon may be quickly followed by an a-to-
g-transition, which makes the stabilization of the a-mode
difficult [7]. It turned out that a careful presetting of
the matching network enables a direct ignition of the
a-discharge even at high over-voltages. As can be seen in
Fig. 2 the a-discharges can be maintained over a wide range
of discharge current respectively RF power (20–180W). It
should be noted that at the lowest currents the discharge
does not cover the electrodes completely, hence, there is
some displacement current of the uncovered electrodes in
parallel to the discharge, which induces an error on these
data points in Fig. 2. Hence, these data points will be
excluded from further evaluations. Depending on process
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Fig. 3. Dependence of critical electron density and sheath thickness of a-discharge on the composition of the helium–argon gas mixture.
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gas mixture, there is a certain discharge current at which an
a-sheath breakdown occurs and a g-mode is ignited. In case
of a 1mm gap the a-mode does not die out, thus resulting
in a coexisting a and g-discharge.

By using the model described in chapter 3.1, sheaths
thicknesses and electron densities can be derived. For a
given process gas mixture the electron density increases
steadily with discharge current, whereas the sheath thick-
ness decreases. It is of special interest to determine the
values at which a-sheath breakdown occurs, as these
critical values describe the upper limit of existence of the
a-discharge. Fig. 3 exhibits the critical electron density
ne,cr and sheath thickness dsh,cr for all helium–argon
mixtures investigated. The critical electron density in-
creases steadily with argon content from roughly 2.4� 1011

to 1.2� 1012 cm�3. The sheath thickness first increases,
reaches a maximum and decreases to the lowest value for
pure argon, similar to the discharge voltage. Calculated
sheath thicknesses at a-sheath breakdown are in the range
of 0.17–0.29mm. An evaluation of the discharge patterns
revealed intensity maxima of the a-discharge at distances in
the order of 0.25mm from the electrodes. The intensity
maxima indicate the boundary region between a-sheath
and bulk. However, the accuracy of these measurements is
not very good. The determined critical electron density
and sheath thickness for pure helium agree roughly with
previous reports [16,17].

5. Conclusions

Within a wide range of RF power a uniform a-discharge
can be maintained in helium–argon gas mixtures ranging
from pure helium to pure argon. By using an equivalent
circuit model electron densities as well as sheath thick-
nesses can be derived from measurements of voltage,
current and phase angle. Quite reasonable results were
obtained.
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