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Surface Wave Discharges Generated with Ar/He and Ar/N, Gas Mixtures

at Atmospheric Pressure
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Abstract: This work is aimed at studying emission spectra and morphological characteristics of surface wave discharges
generated with Ar/He and Ar/N, gas mixtures at atmospheric pressure with powers ranging from 80 to 400 W. In both
cases, power density is higher than that found with pure Ar, although these changes are due to different discharge features.
Kinetic processes can be derived from the analysis of plasma-emitted spectra. We also provide evidence of variations in
the external aspect of discharges (filamentation and contraction) related to changes in thermal conductivity in gas mixture.
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INTRODUCTION

Throughout the last years, plasmas operated at atmos-
pheric pressure have been object of increased attention due
to their potential and current use in varied applications such
as excitation for elemental analysis [1-3] and, more recently,
medical instrument sterilization [4]. To ensure that industrial
and technological applications of plasmas are carried out
with maximum effectiveness, it is necessary to get to know
the main factors (parameters) which determine discharge’s
ability to induce certain microscopic processes (discharge
kinetics). This ability depends on the densities (populations)
of the different plasma species contained in discharge and
the energy available therein (temperatures).

Microwave induced plasmas (MIPs), and especially sur-
face-wave sustained discharges, have proven to be an inter-
esting tool in multiple fields such as sample analysis [5],
noble gas purification [6] or sterilization [4]. This work car-
ries out a preliminary study on spectroscopic and morpho-
logical differences of atmospheric-pressure Ar/He and Ar/N,
surface-wave discharges (SWDs).

SURFACE WAVE DISCHARGES

In SWDs an electromagnetic wave is excited at a certain
point of a plasma column by means of a wave launcher and
propagated mainly by the plasma-dielectric interface [7]. In
these discharges, plasma plays a dual role, acting simultane-
ously as an element which absorbs the microwave power
carried by the wave and as a support for wave propagation.
Thus, surface wave creates the plasma necessary for propa-
gation by dissipating the power it carries.

Surface wave discharges are characterized by an elec-
tron-density decrease in plasma column from the exciter (the
area where HF power is supplied) towards the end of the
discharge. This end is determined by a particular critical
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electron density. Below this value, the surface wave cannot
propagate due to a sharp increase in the attenuation coeffi-
cient (low pressure discharges) or the lack of power neces-
sary to produce new ionizations (atmospheric pressure dis-
charges). Therefore, the plasma column shows a well-
defined length which obviously increases as power supplied
to the discharge increases.

Another important parameter in SWDs is power linear
density (L), defined as the power absorbed (P,;) per unit of
length, which provides information about the energy trans-
ferred from the wave to the discharge [8-10]. So, L is con-
sidered to be an estimation of the energy available in the
discharge, the processes (kinetics) taking place within it de-
pending on this energy. On the other hand, in surface wave
discharges at atmospheric pressure generated with pure gas,
it is well known that electrons control internal plasma kinet-
ics (excitation/ionization) [10], which shows a close relation
to the L value [9, 10]. According to theoretical studies on
SWDs [8], linear power density appears as a fundamental
modelling parameter to determine spatial structure in the
plasma column. From an experimental point of view, the L
value in a surface wave discharge can be obtained from the
ratio between the power absorbed (P,;) by the discharge and
plasma-column length (/) [11]. Thus, L values calculated in
this way should be considered average values for plasma
columns designed by L .

Finally, these discharges present the effect of radial con-
traction, characterized by the glowing region of the discharge
receding from the tube wall. Due to this effect, in surface
wave discharges two or more filaments can appear depend-
ing on operating conditions (plasma gas and discharge tube
radius) [11]. This phenomenon may have detrimental effects
in some applications; for instance, in microwave light
sources [12] and gas treatment processes [6].

EXPERIMENTAL SETUP

Fig. (1) shows a schematic block diagram of plasma
source as well as of optical detection and data collection sys-
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tems for the emission spectroscopy measurements used in
experimentation.

Microwave power to plasma was provided by a SAIREM
12kT/t microwave generator of 2000 W maximum power in
continuous mode equipped with a water-cooled circulator to
avoid power reflection damage. Power was coupled to
plasma by a surfaguide [13] with values ranging from 100 to
400 W in continuous mode.
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Fig. (1). Experimental device.

By means of two impedance matching systems of the
wave launcher, the power reflected from the applicator back
to the generator is made to be lower than 5 % of incident
power.

The discharge was contained in quartz tubes with differ-
ent inner and outer radii (2 and 3 mm). It is well known that
a 12 cm-long microwave Ar plasma column can be sustained
by using 200 W. Nonetheless, for a pure He discharge of
about 5 cm, the application of up to 1400 W becomes neces-
sary. Since the quartz tube containing the discharge under-
goes a great deal of damage for powers over 300 W, it was
cooled. For this reason, the discharge tube was coaxially
surrounded by another quartz tube with 8.5 mm of internal
radius as a jacket through which a dielectric liquid circu-
lated. In our experiments, the plasma column extended to
both sides of the wave launcher resulting in the appearance
of direct and inverse columns [14]. A direct column is con-
sidered to be one where gas flux and wave propagation take
place in the same direction, contrary to those in inverse col-
umn.

Several gas mixtures of high purity (99.999 %) Ar, He
and N, were used as plasma gases with different total flows
equal to 0.5 and 1 slm for Ar/He mixtures, and 1 and 2 slm
for Ar/N, mixtures. Total flows were kept unchanged for a
given set of measurements to ensure comparability. Gas
flows were controlled by HI-TEC flow controllers (IB 31)
with different maximum flow limits (0.25 and 5 slm).

An optical fibre was used to drive the light emitted from
the discharge into a Jobin-Yvon-Horiba monochromator pre-
viously calibrated and equipped with a 2400-grooves/mm
holographic grating. A Symphony CCD was used as a radia-
tion detector. In order to carry out the study proposed, spec-
tra within the visible 300-730 nm range were registered.
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Together with the spectra, some photographs of the dis-
charges were taken to account for variations in discharge
morphology. Due to plasma intense brightness, a filter was
employed to attenuate and avoid saturation of the digital
camera.

RESULTS AND DISCUSSION
Linear Power Density (L)

As stated before, linear power density L is a very impor-
tant parameter in SWDs [8-10], since it somehow determines
the amount of energy effectively transferred from the elec-
tromagnetic field into the discharge and thus the energy
available for the different processes taking place in it.
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Fig. (2). Estimated linear power density (L ) vs He (a) and N, (b)
concentration.

An estimation of L was calculated for both Ar/He and
Ar/N, discharges following the procedure indicated in the
previous section. As it can be seen in Fig. (2), the addition of
either He or N, increases the value of L due to a simultane-
ous reduction in discharge length and increase in power de-
mands necessary to sustain discharges. This increase is more
significant when N, is added to an Ar discharge.

It is important to note that, for plasma generated with
pure gas, an increase in L is correlated to an increase in ex-
citation processes and, consequently, in greater intensities
found in plasma-emitted spectral lines. However, the addi-
tion of He or N, to an Ar SWD involves an increase of L but
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also an intensity decrease in lines emitted by the plasmas
under study.

Atomic and Molecular Emission Spectroscopy

In Ar/He plasma, some He I or even Ar II lines would be
likely to appear in the spectra after the addition of a certain
amount of He to pure Ar discharge. However, the only re-
markable effect observed was a decrease in Ar I line intensi-
ties, as it can be seen in Figs. (3a-c).
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Fig. (3). Spectra of an Ar/He discharge recorded in the 300-600 nm
region for different He concentration: 0 % (a), 10 % (b) and 30 %

(¢).
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At atmospheric pressure, excitation and ionization proc-
esses are carried out stepwise, the atoms’ metastable level
being the starting level. Consequently, electrons belonging to
the EEDF bulk take part in excitation and ionization proc-
esses in this metastable level. From the spectra shown in
Figs. (3a-c), it can be deduced that the energy of great part of
discharge fast-electrons is below 19.7 eV (He mestastable
energy) and the density of He atoms in metastable state is
lower than that of Ar atoms in such state (11.6 eV). On the
other hand, it is known that the effective cross-section for
momentum transfer of He is larger than that of Ar for a wide
range of electron temperatures [15, 16]. Consequently, dis-
charge energy is partly lost in elastic electron collisions with
He atoms. As a global result, the energy available for Ar
excitation and ionization diminishes and the excita-
tion/ionization chain of processes is altered, resulting in a
lower amount of excited Ar atoms.

On the other hand, when N, is added to the discharge,
new species appear even at N, concentrations as low as 1 %
such as molecular bands belonging to excited molecules (V)
and molecular ions (N, ") as well as other bands belonging to
excimers such as CN. Table 1 summarizes the molecular
emissions found when analyzing the spectra shown in Figs.
(4a-c).

Table 2 shows the energies of the different states corre-
sponding to N, molecules and N,  ion. Contrary to what
happens in Ar/He mixtures, some reactions between Ar and
N, are energetically favourable (Table 2), particularly Reac-
tions (1) and (2) corresponding to Penning excitation and
charge transfer, respectively [17, 18].

1 0 3
Ar"+ N, (X'ZH) - A’ + N, (€T, (1)
Art+N,(X'S7) > A + N; (X°5}) )
Table 1. List of Molecular Bands Observed in Ar/N, Mix-
tures
Molecule Transition Spectral Interval (nm)
N, (B'I,)— N, (A%
-(1,) ( 2. ) 503-730
N2 First positive system
N,(C',)—> N, (BT,
() w8 330-500
Second positive system
N; (B*Z')— Nj (X*ZF -
o S (B°Z)) - N (x°%)) 380-392
First positive system 420-428
N CN(B’TT) - CN(A’%) 335-360
Violet System 373-389

Furthermore, other reactions are intermediate excited
molecular states which can be reached by means of direct or
stepwise electron excitation (3-5) [19, 20].

N, (X'Z)+e - N, (C'TL, ) +e 3)

N, (X' )+e >N, (A'Z])+e (4)
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Fig. (4). Spectra of an Ar/N, discharge recorded in the 300-730 nm
region for different N, concentration: 0 % (a), 1 % (b) and 5 % (¢).
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N,(AZ;)+e > N, (C°I, )+ e (5)
Table 2. List of N, Excited Molecules and Molecular Ions
Species Excitation Energy (eV)
N, (A%;) 6.17
N, (BII,) 735
N, (c’m,) 11.03
Ni (X°%)) 15.58
N; (A1) 16.73
N; (BZ) 18.75
N; (D’Z,) 22.00

While charge transfer reactions (2) do not contribute to a
net loss of electrons, the remainder processes may involve
partial energy loss in electron energy distribution function
(EEDF) towards the electronic excited states of N, molecules
(3-5). Particularly, Reaction (1) may lead to a decrease in
metastable Ar density and, consequently, to a population
decrease in Ar excited levels. Additionally, a part of the en-
ergy ceded to the discharge is stored in the rovibrational state
of N, molecules.

This fact is illustrated in Figs. (5, 6). As nitrogen concen-
tration in the discharge increases from 0 to 10 %, the emis-
sion intensity of the band-head of both N, (First Positive
System) and N," (First Negative System) increases as a re-
sult of population increases in N2(B3Hg) and N, (B*Z,") spe-
cies, respectively; while the intensity of the Ar 727.7 nm line
sharply decreases.

0 2 4 6 8 10
50 . : : . . .

40_4—'— N2+ 392.4 nm

w
o
M

Intensity (a.u.)
N
?

O =~ N W b~ 00O N

o 2 4 6 8 10
[N,] (%)

Fig. (5). Intensity variation, with respect to N, concentration, of
392.4 and 646.85 nm bandheads of the First Positive System of N,
and the First Negative System of N, ", respectively.
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Fig. (6). Intensity variation, with respect to the N, concentration, of
the peak height of the 727 nm Ar I line.

Even though an intense emission arising from the N,
Second Positive System (N»(C°I1,) — N2(33Hg)) concerning
Ar/N, discharges has been reported by some other publica-
tions [21, 22], it has also been detected in the discharge stud-
ied herein but only as a small signal mainly masked by the
N,' First Negative System in all cases.

This difference in the relative intensity of the Second
Positive Systems and First Positive Systems of nitrogen sug-
gests that molecular ions in the X22g+, A2H,,, le,f and D2Hg
electronically excited states can take part in a dissociative
recombination reaction as that shown in (6) and thereafter
contribute to the formation of the B’IT, state of the nitrogen
molecule through Reactions (7) or (8) [23].

Ni+e - N°+N" (6)
N°+N"+Ar" - N, (B3Dg)+ Ar" (7)

N°+N"+N,(X'Z!) -
3 V I+ (8)
— N, (B'D,)+ N, (X'%})

Finally, knowing that none of the impurities contained in
the gas used for discharge generation has CN dimmers, it
becomes clear that free nitrogen atoms are also produced in
plasma, although no atomic N lines have been detected.

Discharge Morphology and Contraction

Another effect of the introduction of He into the dis-
charge is the disappearance of discharge contraction and
filamentation (Fig. 7). Both filaments on the inverse column
slowly vanish as He concentration increases up to 30 %. Si-
multaneously, it can be seen how the column slowly widens
to fill the whole section of the tube (highlighted detail in Fig.
7). Both phenomena are a consequence of increase in dis-
charge thermal conductivity [11].

Similarly, the addition of nitrogen to the Ar discharge has
the same effect on discharge contraction and filamentation
(Fig. 8) also due to an increase in thermal conductivity.
Moreover, other consequences on the external aspect of the
discharge can be observed. Two areas can be well-
distinguished at N,-concentrations as low as 1 % in the dis-
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charge. The first, a bright one, is the discharge itself, while
the second, much more diffuse, corresponds to postdis-
charge, in which the emissions of long-lived N, molecules
can be detected (highlighted detail in Fig. 8).

Ar/He
(30%)

400 W

Fig. (7). Photographs taken from SWD for different Ar/He dis-
charges.

CONCLUSIONS

Differences in the excitation mechanisms of Ar/He and
Ar/N, SWDs have been determined by a spectroscopic study
of discharge up to a concentration of 30 and 10 %, respec-
tively.

In Ar/He discharges, it has been found that He atoms act
as an energy sink for EEDF through elastic collisions due to
their higher collision cross-section for momentum transfer,
perturbing the excitation/ionization chain of Ar processes.

On the other hand the role of nitrogen molecules in Ar/N,
SWDs is quite different. Due to the existence of excited mo-
lecular states below the energy of Ar metastable atoms and
closer to the typical energies of the electrons within EEDF,
nitrogen molecules are effectively excited by Penning excita-
tion, charge transfer or through electron inelastic collisions.

Discharge contraction and filamentation have been
shown as well as discussed for both Ar/He and Ar/N, mix-
tures. The disappearance of both phenomena with an increas-
ing proportion of both He and N, indicates an increase in
thermal conductivity.
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Fig. (8). Photographs taken from SWD for different Ar/N, dis-
charges.
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