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Abstract Radio-frequency (RF), atmospheric-pressure glow discharge (APGD) plasmas

with bare metallic electrodes have promising prospects in the fields of plasma-aided

etching, deposition, disinfection and sterilization, etc. In this paper, an induced gas dis-

charge approach is proposed for obtaining the RF, atmospheric-pressure, c-mode, glow

discharges with pure nitrogen or air as the primary plasma-working gas using bare metallic

electrodes. The discharge characteristics, including the discharge mode, the breakdown

voltage and discharge voltage for sustaining a mode and/or c mode discharges, of the RF

APGD plasmas of helium, argon, nitrogen, air or their mixtures using a planar-type plasma

generator are presented in this study. The uniformity (no filaments) of the discharges is

confirmed by the images taken by an iCCD with a short exposure time (10 ns). The effects

of different gap spacings and electrode materials on the discharge characteristics, the

variations of the sheath thickness and the electron number density are also studied in this

paper.

Keywords Atmospheric-pressure glow discharge � Radio frequency �
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Introduction

In recent years, different kinds of atmospheric-pressure glow discharge (APGD) plasma

sources have been developed, such as the dielectric barrier discharge plasma [1, 2], the one
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atmosphere uniform glow discharge plasma (OAUGDP) [3], the surface-wave discharge

[4], and the radio-frequency atmospheric-pressure plasma jet [5, 6], etc. Compared with

low-pressure plasma sources, the APGD plasmas show outstanding features, such as the

lower capital costs, the non-limitations on the sizes of the treated materials, etc., due to the

removal of the expensive and complicated vacuum system [5].

Among different kinds of APGD plasma sources, the APGD plasmas using bare

metallic electrodes driven by radio-frequency (RF) power supply developed in recent years

have contracted much attention of the researchers in the world [5–28]. Besides the pre-

ceding advantages comparing with traditional low-pressure glow discharges due to the

removal of the vacuum system, the breakdown voltage of the gas in the RF APGD plasmas

using bare metallic electrodes can be reduced significantly, and a more homogeneous glow

discharge can be produced compared with the atmospheric-pressure dielectric barrier

discharge (APDBD) plasmas resulting from the elimination of the dielectric(s) covered on

the electrodes or placed between electrodes in the APDBDs [5]. Therefore, with the

foregoing advantages, RF APGD plasma sources can be utilized in wider ranges such as

etching, deposition, decontamination of chemical and biological warfare agents, food

safety, etc. [6, 8–12, 15, 16, 20], and even create new applications [14].

In previous publications, most of the researchers used helium or argon as the plasma

working gas, to which a small fraction (0.5–3%) of reactive gases (e.g., O2, N2, CF4 or

water vapor, etc.) is added in order to generate a flux of chemically active species [6, 13,

14, 17, 25–27]. In actual applications, large volume consumptions of helium or argon

would increase the capital costs of this technology. So, it is one of the challenges to

reduce the costs of the plasma forming gas, i.e., to obtain APGD plasmas with cheaper

plasma forming gas, e.g., nitrogen or air. In 1930s and 1950s, the RF discharges with air

initiated with different methods at atmospheric-pressure were proposed by Engel [29] and

Schwab [30–32], respectively. Engel et al. [29] achieved an atmospheric-pressure DC

glow discharge by starting the discharge at low pressure, and then, gradually rising the

pressure to one atmosphere. In Refs. [30–32], RF discharges in air at atmospheric

pressure using water-cooled bare copper electrodes were initiated by first touching the

electrodes together, setting the current to the desired value, and then drawing the elec-

trodes apart, the discharges operating as either RF glow or RF arc discharges, which

resulted in the asymmetric voltage–current characteristics. Recently, a kind of RF

APGD plasma of air operating steadily in a c mode with fixed initial gap spacings of

1.5–6.4 mm was reported using an induced gas discharge approach [33]. And the similar

method was also subsequently employed to produce pure nitrogen RF APGD plasmas

[34].

In this paper, the idea of the induced gas discharge approach for producing RF APGD

plasmas with pure nitrogen or air as the primary plasma-working gas is described in detail.

The discharge characteristics of the RF APGD plasmas using different plasma-working

gases, including helium, argon, nitrogen, air and their mixtures, are presented. The influ-

ences of the gap spacings between electrodes and of different electrode materials on the gas

discharge features are also discussed in this paper.

Experimental Setup

A schematic diagram of the experimental setup is shown in Fig. 1a. The plasma generator,

as shown in Fig. 1b, is composed of two 5 · 8 cm2 planar, water-cooled, bare metallic
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electrodes, which are connected to the RF (13.56 MHz) power supply (which is the

so-called RF electrode) and the ground (which is the so-called grounded electrode),

respectively. Teflon spacers are used to seal the plasma generator on both sides and adjust

the distance between the electrodes. The plasma working gas (99.99% or better for helium

and for argon, 99.999% or better for nitrogen from gas cylinders, or air from an oil-free

compressor made in China) is admitted into the plasma generator from the left side, ionized

between electrodes under applied RF electric field, and flows out of the generator from the

right side forming a non-thermal plasma jet. The root-mean-square (rms) values of the

discharge current and voltage, as well as the current–voltage phase difference (h), are

measured using a current probe (Tektronix TCP202) and a high voltage probe (Tektronix

P5100), and are recorded on a digital oscilloscope (Tektronix TDS3054B). The discharge

images are taken by a digital camera (Fujifilm S5500) and an Andor iStar 734 intensified

CCD (iCCD) camera, respectively. The RF power input can be expressed as

Pin ¼ Vrms � Irms � cos h; where Vrms and Irms are the rms values of the voltage and current,

respectively. Thus, the averaged power density and current density of the discharge zone

can be written as qin ¼ Pin=ðS � dÞ and irms ¼ Irms=S; respectively, where S and d are the

area of the discharge region and the gap spacing between electrodes.

Fig. 1 Schematic diagram of the experimental setup (a) and the planar-type plasma generator (b)
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Results and Discussions

The Induced Gas Discharge Approach

As is known, the sparking field of air is as high as 30 kV/cm [35] at one atmosphere. So, it

is difficult to ignite an air discharge at atmospheric pressure. In addition, the discharge

tends to transfer into a filamentary arc after breakdown at atmospheric-pressure due to

intense avalanche of electrons under so large electric field [1]. Therefore, it is necessary to

control the avalanche amplification to avoid its rapid growth in order to obtain a glow

discharge [1]. Thus, dielectric barrier layers are employed to inhibit the occurrence of a

filamentary arc with relatively high breakdown voltages in APDBDs. In addition, as

indicated in previous studies, the discharge with many thin filaments or micro-discharges

can transfer to a glow discharge in APDBD plasmas provided that there are enough seed

electrons to turn on the discharge under a low electric field [1, 2]. Based on the preceding

discussions, if we define the gas which can be ignited directly to form the RF APGD

plasma as the plasma-inducing gas, e.g., helium or argon, while on the other hand, the gas

which cannot be used to generate the RF APGD plasma directly at the present time, e.g.,

air, nitrogen, oxygen, etc., as the plasma-forming gas, in this paper, the induced gas

discharge approach can be expressed as [33, 34]: first, generating a glow discharge plasma

operating in a a and/or c mode after breakdown with the plasma-inducing gas (e.g., helium

or argon); second, transferring the discharge mode to the c mode (or a–c co-existing mode)

if the plasma operates in a pure a mode after breakdown by increasing the RF power input;

third, increasing the flow rate of the plasma-forming gas (e.g., air, nitrogen, oxygen, etc.) to

generate the c mode discharge with the plasma-inducing-forming gas mixture; decreasing

the plasma-inducing gas flow rate, and finally, a stable glow discharge plasma operating in

the c mode is obtained when no plasma-inducing gas is added into the plasma-forming gas

any more.

Discharge Characteristics of RF APGDs with Air or Pure Nitrogen

Employing the induced gas discharge approach described above, the APGD plasmas

operating in a c mode and driven by RF power supply can be obtained. In this study, the

gas mixing ratio v is defined as v ¼ Qf=ðQf þ QiÞ; where Qf and Qi represent the volu-

metric flow rates of the plasma-forming gas and the plasma-inducing gas, respectively. The

discharge photographs with different values of v for the case of helium–air mixtures at a

gap spacing d = 3.1 mm are shown in Fig. 2a–c. In this experiment, the exposed electrode

area is about 32 cm2. The a mode discharge can cover the whole gap spacing, while the c
mode discharge can only cover a small part of the electrodes due to the limitation of the

maximum power output of the RF power supply used in this lab. The similar phenomena

were also reported by Laimer et al. [25, 26]. In this paper, we also distinguish these two

discharge modes by visual differences of the luminous structures of the discharges as

described in Ref. [36]. For a pure helium (QHe = 1.0 slpm) glow discharge operating in a a
mode with power input Pin = 101 W, as shown in Fig. 2a, there are two brighter layers

closer to the electrodes, between which the plasma is not very bright. As is indicated in the

preceding paragraph of this paper, for obtaining glow discharge of air, it is necessary to

transfer the a mode discharge to c-discharge of helium in advance. Then, it is easier to

obtain a c-discharge using helium–air mixture (QHe = QAir = 1.0 slpm), as shown in

Fig. 2b, with the RF power input Pin = 234 W. It can be seen from Fig. 2b that the
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luminous structure of the c-discharge of helium–air mixture is significantly different from

that of the a-discharge of pure helium (Fig. 2a). In Fig. 2b, there is a much brighter positive

column across the gap between two electrodes, which is surrounded by a less bright

discharge region [33]. Then, decreasing the flow rate of helium, a c-discharge with pure air

can be achieved when no helium is added into air any more (QAir = 1.0 slpm), as shown in

Fig. 2c with power input Pin = 244 W. Comparing Fig. 2c with 2b, it can be seen that

although the luminous structures for helium–air mixture and pure air are very similar, the

less bright discharge region surrounding the brighter positive column for the case of pure

air c-discharge becomes much more clear than that for the case of c-discharge of helium–

air mixture.

The whole discharge process from the ignition using pure helium to a stable c-discharge

of air is illustrated by the voltage–current characteristic, which is the so-called V–I curve

hereafter. The V–I curve of helium/air discharge with the same operation parameters as

those in Fig. 2a–c is shown in Fig. 2d. Before breakdown (A–B), the voltage increases

linearly with the current; at point B, breakdown occurs with a breakdown voltage (Vb, the

minimum voltage to ignite the discharge) of 316 V, and a uniform glow discharge in a a
mode appears covering part of the water-cooled bare copper electrodes; then, the discharge

voltage goes up with increasing the discharge current while sustaining the a-discharge

(B–C), and the discharge area increases too until covers the whole electrodes, which

corresponds to a typical discharge image as shown in Fig. 2a; a breakdown of the

Fig. 2 V–I characteristics for the helium/air discharges with the gap spacing d = 3.1 mm
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a-discharge sheaths [27, 36] happens at point C, which results in the c mode discharge

partially covering the electrode surfaces, where the discharge voltage varies little with

increasing the RF current (D–E), corresponding to an average discharge voltage (Vd, the

voltage to maintain the discharge) of 187±12 V; under such condition, air can be added

into helium and a c mode, RF APGD plasma is obtained with helium–air mixture (QHe

= QAir = 1.0 slpm) as the plasma-forming gas at point F, from which with the decrease of

the discharge current, the discharge voltage also varies a little (F–G) with an average

discharge voltage of 373±13 V, which corresponds to a typical discharge picture as shown

in Fig. 2b; decreasing the flow rate of helium, finally, a stable RF APGD plasma of pure air

(QAir = 1.0 slpm) operating in the c mode is obtained at point H, with a typical discharge

picture as shown in Fig. 2c, from which the discharge voltage also varies a little with the

variation of the discharge current (H–I) with an average discharge voltage of 325±9 V. In

Fig. 2d, the experiments are repeated three times, and the maximum standard deviation of

the measured voltage is 12 V. At the discharge transforming point, such as B, C, D, E, F, G,

H, there exist fluctuations for the discharge current, and the maximum standard deviation

of the measured current is 0.15 A.

With the transition of the discharge mode from a mode to c mode, the power density

(qin) and current density (irms) also change dramatically. For example, qin and irms change

from 25.2 to 1187.7 W/cm3, and from 0.048 to 2.268 A/cm2, respectively, at points C and

D in Fig. 2. For air, the typical values of qin and irms are 8602.9 W/cm3 and 9.703 A/cm2 at

point H in Fig. 2. The experimental measurements in this study show that the power

density and current density for the c-discharges are much larger than those for a-mode

discharges with other parameters (e.g., the plasma-working gas and its flow rate, the gap

spacing, etc.) being unchanged.

The experiments conducted in this study show that besides helium, argon can also be

employed as the plasma-inducing gas to generate the stable c-mode discharge of air with the

induced gas discharge approach. The corresponding discharge images and V–I character-

istics of the argon-induced, c mode glow discharges of air are shown in Fig. 3 with an initial

argon flow rate of QAr = 1.0 slpm and gap spacing d = 1.24 mm. By comparing Figs. 2 and 3,

it can be seen that: (1) although the gap spacing in Fig. 3 is smaller than that in Fig. 2, the

breakdown voltage for pure argon (Vb = 581 V) is much higher than that for pure helium

(Vb = 316 V); (2) no matter what kind of plasma-inducing gas (helium or argon in this study)

is employed, when the stable glow discharges of air are obtained, the V–I characteristics for

different gap spacings are very similar, i.e., the discharge voltage varies a little with

increasing or decreasing the discharge current; (3) the discharge voltage of air increases

with the increase of the gap spacing, i.e., Vd = 325 V for d = 3.1 mm in Fig. 2 and Vd = 295 V

for d = 1.24 mm in Fig. 3, respectively; and (4) the experimental observations in this study

show that the intensity of the less bright discharge region surrounding the bright positive

column in the center of the discharge region for the case of small gap spacing (e.g., Fig. 3c

with d = 1.24 mm) becomes weaker than that for the case with larger gap spacing (e.g.,

Fig. 2c with d = 3.1 mm). In Fig. 3d, the experiments are also repeated three times. The

maximum standard deviations of the measured voltages and currents at the discharge

transforming points (B, C, D, E, F, G, H, and I) are 6.3 V and 0.05 A, respectively.

The similar discharge process for nitrogen with helium as the plasma-inducing gas can

also be obtained at a gap spacing d = 3.1 mm, as shown in Fig. 4. The images for c mode

discharge of pure helium (QHe = 1.0 slpm), helium–nitrogen mixture (QHe ¼ QN2
¼

1:0 slpm; v = 0.5) and pure nitrogen (QN2
¼ 1:0 slpm) are shown in Fig. 4a–c, with the

corresponding RF power input Pin = 236, 342 and 325 W, respectively. In this study, the

discharges of helium, argon, nitrogen, air or their mixtures are very stable. The current and
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voltage waveforms of the c-discharges using helium, argon, nitrogen and air are shown in

Fig. 5a–d, respectively. The common features of the discharge current and voltage wave-

forms are: (1) the deviations of the waveforms from the sinusoidal forms are small, the

maximum content of the third harmonics for the voltage waveforms and that of the fifth

harmonics for the current waveforms are less than 11.0 and 11.8%, respectively; (2) there

are no obvious sharp peaks for the current waveforms in a cycle which are the characteristics

of the APDBDs with micro filaments as shown in Fig. 4 of Ref. [1]. This experimental

phenomenon indicates that the discharges obtained in this study are glow discharges.

For further identifying the uniformity of the discharges (where the ‘‘uniformity’’ means

no filament like discharges for the RF APGDs [1]), discharge images of argon, pure

nitrogen and air taken by an iCCD (Andor iStar 734) camera in a short exposure time

(Tex = 10 ns) are shown in Fig. 6a–d, compared with the pictures taken by a digital camera

(Fujifilm S5500) as shown in Fig. 6e–h with the exposure time (Tex = 2.5 ms) under the

same operation conditions. Figure 6 clearly shows the laterally uniform RF APGDs

without any streamers.

Effects of Electrode Distances on the Discharge Characteristics

The experimental results in this study show that the gap spacing between electrodes can

affect the discharge characteristics, including the V–I characteristics, the discharge modes,

Fig. 3 V–I characteristics for the argon/air discharges with the gap spacing d = 1.24 mm
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etc., significantly with other parameters being constant. In Fig. 7, the lines A–B–C–D–E,

A0–B0–C0–D0–E0 and A00–C00–D00–E00 represent the V–I curves of the pure helium dis-

charges with the electrode distances d = 0.31, 2.48 and 4.51 mm, respectively, and with

helium flow rate QHe = 15.0 slpm. As shown in Fig. 7, the breakdown happens at point A,

A0 and A00, and the line A–B or A0–B0 represents the uniform a mode discharge for the case

with d = 0.31 or 2.48 mm, respectively. At point B or B0, the sheath breakdown occurs [27,

36] and the discharge transfers from the a mode to c mode (B–C or B0–C0), and conse-

quently, the line C–D–E or C0–D0–E0 represents the c mode discharge with increasing or

decreasing the RF power input after the mode transition taking place. While at a larger

electrode distance, e.g., d = 4.51 mm, only the c-discharge region (C00–D00–E00) exists after

breakdown, accompanying by a large voltage drop after the gas breakdown occurs com-

pared with the smaller voltage drop for the cases of the a mode ignition with a smaller gap

spacing. Due to the decrease of the gap spacing between electrodes, the breakdown voltage

and the discharge voltages in the a and c discharge mode regions for the case of

d = 0.31 mm are much smaller than their counterparts for the case of d = 2.48 mm. Figure 7

also shows that with the decrease of the gap spacing, the operation window for the stable

and uniform a mode discharge becomes larger. In addition, a very interesting phenomenon

observed in this study is that for a small gap spacing (e.g., d = 0.31 mm in Fig. 7), the

slopes of the V–I curve before and after breakdown (in the a mode discharge region) are

kept nearly constant, while for a larger electrode distance (e.g., d = 2.48 mm in Fig. 7), the

slopes of the V–I curves decrease obviously after breakdown. This means that the norms of

Fig. 4 V–I characteristics for the
helium/nitrogen discharges with
the gap spacing d = 3.1 mm
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Fig. 5 Waveforms of the c mode discharges of (a) helium: d = 2.48 mm, Pin = 205 W; (b) argon:
d = 1.24 mm, Pin = 104 W; (c) nitrogen: d = 1.24 mm, Pin = 384 W; (d) air: d = 3.1 mm, Pin = 214 W (solid
line: current; dashed line: voltage)

Fig. 6 Images taken by the iCCD (a–d) with the exposure time Tex = 10 ns and the digital camera (e–h)
with Tex = 2.5 ms, d = 1.24 mm. (a) and (e): a mode discharge of pure argon, QAr = 5.0 slpm, Pin = 65 W; (b)
and (f): c mode discharge of pure argon, QAr = 5.0 slpm, Pin = 150 W; (c) and (g): c mode discharge of pure
nitrogen, QN2

¼ 1:5 slpm; Pin = 70 W; (d) and (h): c mode discharge of air, QAir = 1.5 slpm, Pin = 265 W
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the impedances in the circuit before and after breakdown are nearly constant for a small

gap spacing, while for large gap spacings, the impedances decrease after the breakdown

occurs.

In Ref. [28], the relationship between the breakdown voltage and the electrode distance

was illustrated for helium discharge. It was indicated that the breakdown voltage increased

with increasing the electrode distance, and when the gap spacing was larger than 5 mm, arc

appeared instead of the glow discharge [28]. In this paper, pure helium and argon are used

as the plasma-working gas to study the influences of the electrode distance on the discharge

mode. As shown in Fig. 8, for helium RF APGDs, the breakdown voltage increases with

increasing the electrode distance, which is consistent with the experimental results pre-

sented in Ref. [28]. But in this study, at larger gap spacings (d > 4.1 mm for helium in this

Fig. 7 V–I characteristics of helium discharges with different gap spacings, QHe = 15.0 slpm

Fig. 8 Relationship between the breakdown voltage (Vb) and the gap spacing (d) using argon and helium as
the plasma-working gas, QHe = 15.0 slpm and QAr = 5.0 slpm
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study), the stable c-mode discharge occurs after breakdown, instead of arcing, which is

different from the results in Ref. [28]. For the RF APGDs of argon, the experimental results

in Ref. [26] showed that the a–c coexisting mode always appeared after breakdown, and a

direct ignition of pure a mode discharge could not be accomplished with a gap spacing

d = 2.5 mm in their study. In this study, as shown in Fig. 8, the discharge mode after

breakdown depends on the gap spacing. For a small gap spacing (e.g., d < 1.5 mm in

Fig. 8), direct ignition of pure a mode discharge can be obtained, and with the increase of

d, c mode discharge appears after breakdown. From Fig. 8, it can be also seen that the

discharge voltage for argon is much higher than that for helium with the same gap spacing.

And the maximum gap spacing for obtaining the stable c-discharge is much larger for the

case of helium (d&6.4 mm) than that for the case of argon (d&2.2 mm) with the same

maximum power output of the RF power supply (e.g., 500 W for the power supply

employed in this study).

Effects of Electrode Materials on the Discharge Characteristics

For igniting plasmas, the breakdown voltage (Vb) depends on the electrode spacing (d) and

the pressure (P) as follows [5, 37]:

Vb ¼
BðP � dÞ

ln½AðP � dÞ� � ln½lnð1þ 1=cseÞ�
ð1Þ

where, A and B are constants found experimentally, which can be regarded as constants for

a certain kind of gas [37], and cse is the secondary electron emission coefficient of the

electrode. Although gas flowing can cause a pressure drop in the flow direction, the

influence of the rather low flow rate in this study on the pressure distributions in the

discharge region between electrodes is still negligible, i.e., P can also be regarded as a

constant in this study. The value of cse is calculated by an empirical formula [37]:

cse ¼ 0:016ðE � 2euÞ ð2Þ

where E is the energy of incident ion, while ðeuÞ is the work function of the electrode

material. From Eqs. (1) and (2), it can be seen that the gas breakdown voltage is dependent

on the value of cse, i.e., a larger value of ðeuÞ will lead to a higher breakdown voltage. In

this paper, copper and aluminum are used as the electrode materials with the work function

of 4.65 and 4.17 eV (averaged value), respectively [38]. The variations of the breakdown

voltages of helium (QHe = 15.0 slpm) and argon (QAr = 5.0 slpm) at different gap spacings

using the water-cooled bare copper and aluminum electrodes are shown in Fig. 9. As

illustrated in Fig. 9, (1) the gas breakdown voltages using the copper electrodes are a little

bit larger than those using the aluminum ones while keeping other parameters (e.g., the gap

spacing, the kind of the plasma-working gas and its flow rate, etc.) be unchanged; (2) the

smaller relative difference (less than 12% in this study) between the breakdown voltages

using copper or aluminum electrode materials may be due to the smaller relative dis-

crepancy (*10%) between the values of the copper and aluminum work functions.

Similar to RF capacitive discharges at intermediate pressure, the RF APGDs can exist in

two distinctively different but stable modes, i.e., a and c mode, depending on the dominant

ionization mechanism [14, 36]. In the a mode, the discharge is sustained by volumetric

ionization processes, while ionization by secondary electrons from the electrode surfaces is
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important in the c mode. Thus, the electrode materials would not influence the charac-

teristics of the a mode discharge. But if the discharges operate in the c mode, more

electrons are available to be accelerated to the ionization energy within the sheath by using

the electrode material with small value of the work function (or the large value of the

secondary emission coefficient), and thus, a large space-charge field will be established at a

relatively low RF discharge voltage [19]. The relationship between the discharge voltages

for the RF APGD plasmas of helium (QHe = 15.0 slpm) and nitrogen ðQN2
¼ 2:0 slpmÞ

operating in the c mode at different electrode distances using the water-cooled copper and

aluminum electrodes are presented in Fig. 10. The discharge voltages for maintaining the c
mode discharges of helium or nitrogen for the case of copper electrodes are larger than

Fig. 9 Variations of the breakdown voltages (Vb) with different electrode materials and/or gap spacings (d)
using helium and argon as the plasma-working gas, QHe = 15.0 slpm and QAr = 5.0 slpm

Fig. 10 Variations of the discharge voltages (Vd) with different electrode materials and/or gap spacings (d)
using helium and nitrogen as the plasma-working gas, QHe = 15.0 slpm and QN2

¼ 2:0 slpm
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those for the case of aluminum electrodes; and the discrepancies become larger with

increasing the gap spacings between electrodes. The maximum discrepancies of the dis-

charge voltages for the c-discharges of helium and nitrogen are 3.8 and 3.6%, respectively,

as shown in Fig. 10.

Theoretical Analysis using an Equivalent Circuit Model

In previous papers, an equivalent R–C in series circuit model was usually employed to

analyze the discharge characteristics of the glow discharge plasmas [18, 27, 28]. In this

paper, the equivalent circuit model of the discharge with the consideration of the stray

capacitance (Cs), which represents the PTFE spacers between the electrodes, etc., is em-

ployed as illustrated in Fig. 11, where CP and RP represent the sheath capacitance of the

discharge and the resistance of the bulk plasma, respectively [25]. The capacitance of the

collisional sheath can be expressed as [39]

CP ¼
1:52e0S

dm

ð3Þ

where S is the area of the discharge region, dm is the total thickness of the sheath, and e0 is

the permittivity of vacuum. Thus, the reactance (X), resistance (RP) and sheath thickness

(dm) can be expressed as:

X ¼ 1

xCP

¼ M

ð1þM2ÞK cos h
ð4Þ

Fig. 11 Schematic diagram of the equivalent circuit model for the RF APGDs
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RP ¼
1

ð1þM2ÞK cos h
ð5Þ

dm ¼
1:52xe0SM

ð1þM2ÞK cos h
ð6Þ

with

K ¼ Vrms=Irms ð7Þ

and

M ¼ ðK sin h� xCsÞ=ðK cos hÞ ð8Þ

where x(= 2p f, f = 13.56 MHz) is the radian frequency of the RF power supply, K and M
are the symbols used for simplicity in the expressions of Eqs. (4)–(6). With the sheath

thickness (dm), the gap spacing (d), the resistance (RP) of the bulk plasma known, the

electron number density of the bulk plasma can be determined by [14, 27]

j ¼ �eneleE ð9Þ

where j is the current density flowing through the bulk plasma, e is the elementary

charge, le is the electron mobility (leP = 0.86 · 106 cm2�Torr/(V�s) for helium, and

0.45 · 106 cm2�Torr/(V�s) for air are taken in this study [37]), and E is the bulk electric

field which is calculated as jRPS=ðd � dmÞ:
In this section, we turned back to Section ‘‘Discharge Characteristics of RF APGDs with

Air or Pure Nitrogen’’ to analyze the variations of the reactance, resistance, sheath

thickness and electron number density during the discharge processes. As shown in Fig. 2,

the V–I curve before discharge is a beeline and the generator can be considered as a

capacitance (Ct) which is a combination of Cs and Cg in parallel, where Cg presents the

capacitance between two electrodes and filled with air before discharge. The total

capacitance before discharge is calculated as Irms=ðxVrmsÞ ¼ 0:406=ð8:5� 107�
189:2Þ � 25:2 pF. Since the electrode area exposed to air is about 32 cm2, the corre-

sponding capacitance Cg = e0S/d&9.5 pF. Then, the stray capacitance is calculated by

Cs = 25.2�9.5 = 15.7 pF. In this section, the value of Cs is assumed to be constant, but with

different values for different discharge modes for the cases studied in this paper, i.e., for

the a-discharge, Cs = Ct�Cg = 15.7 pF, while for the c-discharge, Cs& Ct = 25.2 pF due to

the small discharge region compared to the large electrode area. Figure 12 shows the

variations of the electron number density, the sheath thickness, the resistance and the

reactance with the discharge current for the helium/air discharges under the same operation

conditions as those in Fig. 2. The meanings of points B, C, D, E, etc., in Fig. 12 also

express the same meanings as those in Fig. 2. Figure 12 shows that: (1) for the c-discharges

of helium and air, the electron number density (ne) increases with the increase of the

discharge current, as shown in Fig. 12a; (2) the sheath thickness (dm) for the c-discharge of

helium decreases, while keeps almost constant for the air c-discharge, with the increase of

the discharge current; (3) at the same discharge current and electrode distance, the electron

number density of air c-discharge is much higher than that of the c-discharge of helium,

while the sheath thickness of air c-discharge is smaller than that of the helium c-discharge;

(4) the magnitudes of the electron number density and sheath thickness for the c-discharges
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of helium shown in Fig. 12 are close to the corresponding values presented in Refs. [18, 27]

(on the order of 1013 cm�3 and several mm for the c-discharges, respectively); (5) with the

increase of the discharge current, the resistances of the helium and air discharge plasmas

decrease, which means that the degree of ionization of the discharges becomes higher with

increasing the discharge current, while the capacitances for the c-discharges of helium and

air keep almost constant with increasing the discharge current. In Fig. 12, we did not

present the variations of dm and ne corresponding to the a mode discharges because the

discharge areas change with changing the discharge current for the a-discharges, and thus,

it is difficult to estimate accurately the areas of the discharge region which relates to the

calculation of dm and ne.

Fig. 12 Variations of the electron number density (a), the sheath thickness (b), the resistance and reactance
(c) for the helium/air discharges under the same operation conditions as those in Fig. 2
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Conclusions

In this paper, an induced gas discharge approach [33, 34] is described in detail for

obtaining the RF APGD plasmas of pure nitrogen or air operating in a c mode. The

discharge features of the RF APGDs of helium, argon, nitrogen, air and their mixtures are

also discussed. The main conclusions are as follows:

(1) With the induced gas discharge approach, the RF APGDs operating in the c mode

with the gases which cannot be ignited directly under the same conditions (e.g.,

nitrogen, oxygen, or air) can be obtained.

(2) The uniformity (no filaments) of the RF APGDs using different gases is confirmed by

the images taken by an iCCD camera with a short exposure time (Tex = 10 ns).

(3) The gap spacing between electrodes can affect the discharge characteristics (V–I

curve) and the discharge modes significantly. For a certain kind of gas, when the gap

spacing exceeds a critical value (e.g., dcrit = 4.1 mm for helium, and dcrit = 1.5 mm for

argon), only c mode discharges can be obtained after breakdown.

(4) Electrode materials can also, to some extent, affect the breakdown voltage and

discharge voltage for sustaining the c mode discharges, due to the differences of the

work functions of different electrode materials. The aluminum electrode, with a

smaller work function or a larger secondary electron emission coefficient (cse), has

smaller breakdown voltages and discharge voltages for sustaining the c mode

discharges with other parameters being unchanged.

(5) With increasing the discharge current, the degrees of ionization of the a- and c-

discharges of helium and air increase, leading to the decrease of the impedance of the

discharge plasmas.

(6) The electron number density for the helium and air c-discharges increase with

increasing the discharge current, while the sheath thickness decreases or keeps almost

unchanged for the helium and air c-discharges, respectively, with the increase of the

discharge current.

Based on the present study, investigations on the luminous structures, as well as the

distributions of the number densities of electrons and other reactive species for different

plasma-working gases operating in different discharge modes are necessary in future work.
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