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Abstract

®

CrossMark

The p-APPJ is a well-investigated atmospheric pressure RF plasma jet. Up to now, it has mainly
been operated using helium as feed gas due to stability restrictions. However, the COST-Jet
design including precise electrical probes now offers the stability and reproducibility to create
equi-operational plasmas in helium as well as in argon. In this publication, we compare
fundamental plasma parameters and physical processes inside the COST reference microplasma
jet, a capacitively coupled RF atmospheric pressure plasma jet, under operation in argon and in
helium. Differences already observable by the naked eye are reflected in differences in the
power-voltage characteristic for both gases. Using an electrical model and a power balance, we
calculated the electron density and temperature at 0.6 W to be 9 x 107 m3, 1.2 eV and

7.8 x 10'*m3, 1.7 eV for argon and helium, respectively. In case of helium, a considerable part
of the discharge power is dissipated in elastic electron-atom collisions, while for argon most of
the input power is used for ionization. Phase-resolved optical emission spectroscopy reveals
differently pronounced heating mechanisms. Whereas bulk heating is more prominent in argon
compared to helium, the opposite trend is observed for sheath heating. This also explains the

different behavior observed in the power-voltage characteristics.

Keywords: atmospheric pressure plasma, heating mechanisms, COST-Jet, helium, argon,

electron density, electron temperature

1. Introduction

The p-APPJ is a well established representative of RF-excited
atmospheric pressure plasma jets and has been extensively
studied throughout the past twenty years. In these studies,
helium was usually used as the carrier gas with various
molecular admixtures such as oxygen [1], nitrogen [2], water
[3], hexamethyldisiloxane (HMDSO) [4] or atomic gases such
as argon [5]. However, recent studies have indicated, that an
operation in argon might be beneficial for chemical processes
like CO, conversion [6] and might offer a wider operation
range compared to helium [7].

Even if argon is one of the most commonly used
operation gases in low temperature plasmas, it proved to be
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challenging to produce a stable argon discharge in a capaci-
tively coupled discharge geometry. In the past two decades,
numerous studies have found that it is easier to generate a
homogeneous discharge at atmospheric pressure in helium
than in argon [8—10]. Homogeneous argon plasmas are often
ignited with the help of helium admixtures [9, 11], as the
homogeneous ignition has proven to be difficult. Exper-
imental studies have shown that jet-like sources driven at
MHz frequencies are diffuse when operated in helium
[12, 13], but tend to form filaments if operated in argon in the
exact same discharge geometry [14, 15]. Up to now, there is
little literature available on atmospheric pressure argon pro-
cesses in homogeneous RF discharges. Only when using
larger electrode surface areas or higher excitation frequencies,
the use of argon as a feed gas in a capacitively coupled
geometry basically similar to the p-APPJ is reported [16, 17].

© 2020 IOP Publishing Ltd
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Figure 1. Schematic diagram of the experimental setup for PROES.

Comparing argon and helium plasmas empirically, it has
been found that at high p - d values above 10 Torr cm, the
breakdown voltage is higher for argon than for helium both
for DC and RF electric fields [18, 19]. Moravej et al measured
RF breakdown curves that show breakdown voltages five
times higher for argon than for helium discharges [20].
Additionally, the Townsend first ionization coefficient «v/n,
(DC case) for argon is smaller than for helium at reduced
electric field strengths below 100 Td [21] as can be calcu-
lated from the Townsend ionization coefficients. The typical
electric field in the p-APPJ configuration is of the order of
15 Td [22] and hence, the volumetric ionization rate will be
smaller for argon than for helium. This might play a decisive
role in the ignition of the discharge.

Besides empirical comparisons of discharges in different
operating gases, there are also models of these plasma dis-
charges. Jonkers et al compared argon and helium discharges at
atmospheric pressure [23]: they found that for a plasma being
operated at the same external conditions, an argon plasma has a
lower electron temperature and a higher electron density than a
helium plasma. A smaller ion mass favors the diffusion of
charged particles of the plasma and thus decreases the residence
time. Hence, a higher power density is necessary in helium
plasmas to obtain the same electron density as in argon plasmas.
Additionally, a helium plasma is further from partial local Saha
equilibrium than an equi-operational argon plasma.

Thus, both empirical findings and models predict different
behavior of homogeneous argon and helium discharges. Yet, a
discharge geometry that allows to compare both RF discharges
at atmospheric pressure under sufficiently stable and repro-
ducible conditions was not available until now.

This paper extends on previous electrical and optical
studies of the p-APPJ source [24] focusing on the measure-
ment of dissipated power and electron density in atmospheric
pressure RF plasma sources. The plasma source as well as the
used diagnostic techniques are described in section 2. The
macroscopic behavior of the discharges in terms of ignition
and dissipated power is analyzed (section 3.1). Fundamental
plasma parameters such as electron density (section 3.2.1),
electron temperature, loss mechanisms (section 3.2.2) and
sheath width (section 3.2.3) are derived. Microscopic differ-
ences in electron heating are discussed based on excitation
imaging (section 3.3).

2. Experimental

2.1. Atmospheric pressure plasma jet

In this study, we employ the COST Reference Microplasma Jet
(COST-Jet), which features the same discharge geometry and
excitation scheme as the p-APPJ [25]. Figure 1 shows a sche-
matic of the COST-Jet device. The plasma in the COST-Jet is
generated using a frequency of 13.56 MHz between two 30 mm
long, plane-parallel electrodes. One of the electrodes is grounded
and the other is connected to the power supply via an LC
resonance circuit. Two quartz panes enclose the electrodes,
forming a 30 mm X 1 mm X 1 mm discharge channel. Usually,
helium is used as the feed gas, at flow rates between 0.25 slpm
and 2.00 slpm. Here, we also use pure argon as the feed gas at
flow rates between 0.25 slpm and 1.50 slpm. Additionally, we
implemented a cold trap to reduce impurities from the feed gas.
The COST-Jet features electrical probes for current and voltage
that are positioned inside the housing, close to the electrodes.
The voltage probe is a pick-up antenna, positioned near the
powered electrode. The current probe is a current-sensing
resistor with 4.7 €). These probes are connected to an oscillo-
scope (Agilent Technologies DSO7104B). The COST-Jet has
been described in more detail elsewhere [25].

2.2. Phase-resolved optical emission spectroscopy

Phase-resolved optical emission spectroscopy (PROES) can
give insight into discharge kinetics by synchronizing spec-
troscopic imaging to the RF excitation cycle of the discharge.
The observed emission can be used to qualitatively assess
electron excitation processes as well as to calculate quenching
coefficients, electron temperature and density [26-28].

In PROES, the electron impact excitation from the
ground state E;, is calculated from the measured spatio-
temporal emission. At atmospheric pressures due to colli-
sional de-excitation (quenching), lifetimes of the exited levels
are short, and the temporal behavior of the emission is, thus,
directly proportional to the excitation rate [29].

Figure 1 illustrates the setup used for phase-resolved
optical emission spectroscopy (PROES). The emission pro-
duced by the discharge inside the COST-Jet is imaged onto
the CCD chip of a gated, intensified charge-coupled device
(ICCD) camera (PicoStar HR 16, Lavision). To obtain good
spatial resolution for both axes, the aspect ratio of the image
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Figure 2. Photographs of the COST-Jet operated in argon (upper row) in (a) homogeneous glow mode at low voltages, (b) homogeneous
glow mode at moderate voltages and (c) constricted mode as well as in helium (lower row) in (d) a-like mode at low voltages, (e) y-like mode
at higher voltages and (f) constricted mode. Please note, that the grounded electrode shielding covering the upper electrode only reduces the
amount of measured reactive currents to facilitate electrical measurements. Therefore, its position does not have a direct influence on the

discharge conditions.

is changed with an anamorphotic lens system. Two cylind-
rical lenses are used with a focal length of f = 80 mm and
110 mm for horizontal and vertical imaging, respectively. In
this way, the aspect ratio of the image of the discharge
channel is changed from from 1:30 to 4:11 to better fit the
dimensions of the CCD chip (512 x 512 pixel, pixel size
25 pm x 25 pm). The resulting spatial resolution is 5.5 pm
per pixel across the discharge channel and 72 um per pixel
along the discharge channel. Depending on the emission
intensity of the respective transition, the camera typically
integrates over 1 s to 4 s, while the gate width was set to 1 ns.
The synchronization of the gate to the RF voltage is achieved
using a customized trigger box and delay generator. The gate
delay was increased in steps of 0.72 ns. Thus, one RF cycle is
scanned and divided into 103 images which represent the
whole cycle. To select a specific emission line, optical filters
are inserted into the optical path. Table 1 lists the optical
filters and their spectral width (full width at half maximum—
FWHM) used during the measurements and the respective
observed emission lines. An optical spectrometer (not shown
here) was additionally used to ensure that only the listed lines
are observed with this PROES setup and other contributions
are negligible.

3. Results and discussions

3.1. Discharge ignition and dissipated power

The difference between the atmospheric pressure RF dis-
charge in argon and helium is already visible by the naked

Table 1. Optical filters and corresponding transmission lines used for
PROES.

Filter FWHM  Species  Transition Emission line

A./nm A¢/nm A/nm

750 10 Arl 2p; — Is; and  750.39 and
2ps — sy 751.47

706 10 He I 3°S — 2°p 706.5

eye: figure 2 shows photographs of the COST-Jet operated in
argon (upper row) and helium (lower row) at different vol-
tages. For the helium discharge, ignition is a spontaneous
process if a sufficient voltage across the discharge gap is
applied. In contrast for the argon discharge, we use a spark
vacuum tester to ignite the discharge. Once the discharge is
ignited, the complete electrode gap is filled with a homo-
geneous discharge (abnormal mode) and the emission is
dominated by bulk emission (a), (d). For higher voltages, the
emission distribution in argon (b) is unchanged, whereas for
helium, the emission is more pronounced in the sheath
regions (e). If the voltage is further increased for both feed
gases, a filament is formed at the tip of the electrodes (c), (f).

The difference between the argon and helium discharge
visible in the photographs is also reflected in the dissipated
power: figure 3 shows power-voltage characteristics of the
discharge operated at gas flow rates of 400 sccm argon (a) and
1000 sccm helium (b). To provide a controlled atmosphere
and reduce fluctuations, the experiments were performed in a
gas chamber that was pumped down prior to the experiments,
refilled with the feed gas and operated at a pressure of
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Figure 3. Power dissipated in the (a) argon and in the (b) helium plasma discharge depending on discharge voltage (pressure 990 mbar, gas
flow rate 400 sccm and 1000 sccm, respectively). The black dashed line is the linear part of the power curve as described in the text.
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Figure 4. Phase angle of the (a) argon and the (b) helium discharge depending on voltage (pressure 990 mbar, gas flow rate 400 sccm and

1000 sccm, respectively).

990 mbar. The results are comparable to experiments at
ambient atmosphere. The behavior depicted is similar for both
discharges: when the voltage is increased, the dissipated
electrical power increases. When a threshold voltage is
reached the filament is formed (figure 2(c), (f)) leading to an
instantaneous power increase and a decrease in voltage. If the
voltage is then lowered the discharge switches back into the
homogeneous mode. If the voltage is further decreased the
dissipated power decreases and the discharge is subsequently
extinguished. The difference between the discharges can be
observed in the slope between voltage and power: whereas
the relationship is fairly linear for argon as the feed gas, there
seems to be an additional power dissipation term for helium at
higher voltages.

To investigate this difference, figure 4 shows the phase
angle difference between voltage and current, for both feed
gases. For both discharges, the plasma-off phase angle is

—90 ° corresponding to an ideal capacitor. If the discharge is
ignited, both discharges show a resistive component in the
phase angle. But strikingly, the phase angle is decreasing for
increasing voltage for the argon discharge and increasing for
the helium discharge. The cause and effect of this difference
is analyzed based on an electrical model and will be discussed
in the following section.

3.2. Plasma parameters from an electrical model

The dissipated power in the plasma is the motor of all dis-
charge processes. Therefore, a detailed analysis of the power
using a global model can give insight into fundamental
plasma parameters such as the electron density or temper-
ature. To investigate the differences between the argon and
the helium plasma, we used a simple global model that consist
of a capacitor representing the sheath in series with a resistor
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Figure 5. Electron density as function of dissipated power for (a) argon discharge and for (b) helium discharge (pressure 990 mbar, gas flow
rate 400 sccm and 1000 scem, respectively). Note the different scales. Shaded area denotes limited applicability of the electrical model as

described in [24].

and a capacitor representing the plasma bulk. Specific aspects
of the calculation and detailed comparisons to further diag-
nostics and simulations have already been published in a
separate publication [24] and confirm the trends and absolute
values. Based on the dissipated power, it is possible to
establish equi-operational plasmas and thus directly compare
the two feed gases [23].

3.2.1. Electron density. The electron density deduced from
the model can be directly calculated from the bulk resistance
representing the plasma bulk derived from the data in figure 4
via [24, 30]

1= 280 Upme

AR,  ¢? M

ne
e
where [ is the inter-electrode distance (1 mm for the COST-
Jet) and Ry, the plasma bulk resistance, s, the sheath thickness,
A the electrode surface, m, the electron mass and e the
elementary charge. For argon and helium at atmospheric
pressure, the electron-neutral collision frequency is
Un = 4.03 x 102571 and 1.52 x 10'> s, respectively [31].
Figure 5 shows the calculated electron density as a
function of dissipated power for a 400 sccm argon discharge
5(a) and a 1000 sccm helium discharge 5(b). The lower gas
flow rate of argon was chosen to increase discharge stability
but does not have an influence on electrical characteristics. In
both cases, the calculated electron density exhibits a
monotonous increase with dissipated power. However, at a
given discharge power, the electron density in the argon
discharge is approximately one order of magnitude higher
than in the helium discharge. This implies that in helium a
large part of the available energy is not used for ionization but
instead invested in another process. The influence of Penning
ionization was estimated to be negligible as the amount of
impurities in the discharge was reduced by conducting
experiments in a gas chamber with controlled atmosphere.

A likely candidate is electron heating, as the higher excitation
energy, e.g. to excite metastables, as well as higher ionization
energy of helium requires a higher electron temperature to
sustain the discharge.

3.2.2. Electron temperature. Using a simplified zero-
dimensional power balance model for free electrons, a
rough estimate of the average electron temperature in the
bulk plasma can be performed by relating the measured power
density e to the power per unit of volume that is lost by
inelastic and elastic electron collisions [23]:

e =nL Scrml1 + ne
Bfg
X [n+<023%> + —<U$Ve>] 2 T - Ty,
kpTy M 2
2
with:
€ = Power density
me = Electron mass
M = Atomic mass
€ = Power density
N = Electron density
ny = Jon density
p/ (kg Ty) = Atom density (Dalton’s law)
I = Jonization energy
T. = Electron temperature
T, = Gas temperature
ScrRM = Jonization rate coefficient

The ionization rate coefficient is deduced from collisional
radiative models (CRM). (o3 1) and (o2, 4.} are the electron-ion
and electron-atom collision rate coefficients for momentum
transfer averaged over the electron energy distribution function.

The first term in equation (2) describes energy loss due
to ionization; the second and third term due to elastic electron-
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ion and electron-atom collisions, respectively. The energy
required to heat cold electrons generated in the ionization
process and energy losses due to radiation were omitted. To
calculate the electron temperature, realistic numerical values
must be estimated for all variables in equation (2). All variables
were estimated for a dissipated power of 0.6 W which
corresponds to a power density of 2 x 107 W m~3:

* For an estimate of the argon neutral gas temperature T,, the
temperature in the effluent was measured using laser
schlieren deflectrometry (LSD) [32, 33] and cross-checked
using a thermocouple in the effluent as a function of the
distance to the gas exit. Both methods show very good
agreement in the trends, with a difference in the absolute
values of about 20 K. This difference is most likely due to
the laser schlieren deflectrometry measuring the peak
temperature, whereas the thermocouple measures integrated
values due to the spatial dimensions of the probe tip.
Therefore, the averaged value between the two measure-
ments was used. The measurements performed in the
effluent were extrapolated into the bulk plasma and a value
of T, = 350 K was obtained.

For the helium discharge, the neutral gas temperature
has previously been measured using thermocouples
embedded into the discharge channel and compared to
simulations [34]. From these measurements, we estimated a
value of T, = 350K for helium, as well.

* For an estimate of the ionization rate coefficients in the
power balance, analytical expressions from fits by
Jonkers et al [23] to results from collisional radiative
models were used with 7, and n, in eV and m >

Séiv = 7.34 - 10715 T, exp| — 2.06 [m? s 1]
7;

SHe, =315 - 107157 ex ( 1938][ s )
N 29110712
(ogre) = ————

72
- 0
xIn| 1.55 - 1013 [m?s~1],
ne

* The electron-ion and electron-atom collision rate coeffi-
cients for momentum transfer were obtained by Jonkers
et al, by fitting cross sections and integrating over a
Maxwellian EEDF [23] with T and n. in eV and m 3.

(oM VAT = (0.084 + 0.537 T, + 1.192 77)
S10714 [mds )
(o™ v)He = (221 + 2.59 T2 — 0.344 T7)
1074 [mPs ] 6)

Using these values and the electron densities at 0.6 W
calculated in section 3.2.1, we can estimate the electron

temperature in the argon and helium plasma by solving
equation (2) to be 1.20eV and 1.70eV, respectively. As
anticipated, the electron temperature in helium is approxi-
mately 40% higher than in argon. However, the absolute
values are surprisingly low. For argon, this might be due to an
overestimation of the ionization coefficient. Strictly speaking,
equations (3) and (4) are only valid for electron densities
above 1 x 10 m~3. Below that value, the ionization
coefficients also decrease with decreasing electron density
[35]. Additionally, the collisional radiative models used for
the fit of equation (3) and (4) are not optimized for high
neutral densities and an extremely low degree of ionization,
i.e. they do not account for excited molecular dimer levels and
molecular ions [36]. The gas temperatures only have a minor
effect on the results. These calculated electron temperatures
are only a general orientation, since also all of the collision
frequencies were calculated assuming Maxwellian electron
energy distribution functions which are usually not present in
cold atmospheric pressure plasmas [37, 38]. However, the
calculated electron temperatures do show reasonable trends
and reflect the physical differences of the two operating gases.

To highlight the differences between the two operating
gases, the contributions to the power balance will be
separated. Figure 6 shows the three addends of equation (2)
as a function of the electron temperature for the argon and the
helium discharge. As illustrated in figure 6(a), the dominating
term in the argon power balance for power densities above
2 x 10’ Wm™3 (marked by a horizontal dashed line) is
energy loss due to ionization whereas elastic collisions, in
particular for electron-ion collisions, are comparably small.
Ionization compensates the losses of free electrons due to
diffusion and recombination by production of charged
species. Neglecting the two smaller energy loss terms,
equation (2) simplifies to:

keT,
nem S2E )
L pScpm

Consequently, the electron density is proportional to the
power density for the argon discharge as observed in figure 5.

In contrast, figure 6(b) shows that for helium, the term
representing elastic electron-atom collisions dominates. Only
at power densities above 3 x 108 W m~3, the ionization term
takes over (not shown here). This difference is due to the
different cross sections and atomic masses of helium and
argon. As argon has a lower ionization threshold, the
ionization term in equation (2) is lower in helium.
Additionally, the elastic electron-atom collision rate is smaller
for argon than for helium due to the Ramsauer minimum at
low electron energies (compare cross section data by Phelps
[39]) and the electron density in argon is one order of
magnitude higher compared to helium, as demonstrated in the
previous section. Thus, the elastic electron-atom collision
losses are higher in helium than in argon for electron energies
below 3eV.

Consequently, the electron density for helium can be
simplified to being proportional to the power density as done
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Figure 6. Components of the power balance equation (2). Horizontal dashed lines indicate the power density in the COST-Jet at a dissipated
power of 0.6 W, vertical dashed lines indicate the corresponding electron temperature.

by many other authors [40, 41]:

M kgT, €
Ne ~

T 3me p (ofw)ks(T — T’

®)

However, the electron density calculated from the impedance
measurement as illustrated in figure 5(b) does not show linear
behavior. Instead, it begins to increase linearly at low powers
and then exhibits a less steep power dependence above about
0.3 W. Especially considering the increasing gas temperature
with increasing power, as demonstrated for helium in
literature [34], the electron density should increase over-
proportional. This demonstrates, that the circuit model for
helium is only valid at low dissipated powers.

Nevertheless, the general difference in electron energy
loss for both discharges can be explained using this simple
energy balance: in argon, nearly all of the energy put into the
discharge is used for ionization. This leads to a comparatively
high electron density (9 x 107 m~3), but low electron
temperature of (1.2eV) at a power of 0.6 W. For an equi-
operational helium discharge, most electron energy is lost in
electron-atom collisions. To still sustain the discharge, the
electron temperature is higher (1.7eV) at a low electron
density of 0.8 x 10'7 m~3. Surprisingly, this is not reflected
in the measured gas temperatures: Within measurement
uncertainties, the two equi-operational discharges both exhibit
a gas temperature of 350 K. As we could only measure the gas
temperature in the effluent, the energy stored in charge
carriers and excited states is transformed into kinetic energy
in the effluent, e.g. by collisional quenching and recombina-
tion, thus heating the gas. However, the parameter gas
temperature only has a minor influence on the electron
temperature derived from equation (2) and variation of the
temperature does not change the results notably.

However, the trends observed for the two characteristic
plasma bulk parameters electron density and electron
temperature are identical for argon and helium, so they do

not explain the differences in the phase characteristic shown
above (see figure 4). Therefore, we will investigate the sheath
properties of both plasma discharges.

3.2.3. Sheath width. According to the hybrid model by
Lazzaroni et al [42], the sheath width depends on the electron
temperature as well as on the ratio of the electron losses by
inelastic and elastic processes. Whereas the electron
temperature is lower for argon than for helium, the ratio of
inelastic to elastic losses is higher. Therefore, trends of the
absolute sheath thickness and the differences between the
gases cannot easily be predicted.

Therefore, we have again consulted the global electrical
model. The sheath width can be deduced from the capacitor
representing the sheath and gives reasonable results when
compared to simple photographs [24]. In figure 7, the sheath
width is shown for the argon as well as for the helium
discharge. Again, both discharge exhibit the same trend in
dependence of the dissipated power. With increasing
dissipated power the sheath width decreases monotonously.
For both plasma discharges, the sheath width varies between
350 and 210 pm. The sheath width in the argon plasma is
slightly smaller than in the helium plasma. Both values show
excellent agreement with results from modeling by Lazzaroni
and Chabert [7] for argon and Waskoenig [43] for helium.
Nevertheless, the trends observed for the sheath thickness are
identical for argon and helium. Therefore, we will investigate
the properties of both plasma discharges switching from
global, time-integrated to local, phase-resolved diagnostics to
analyze the electron dynamics in both plasma discharges as
presented in the following section.

3.3. Electron heating mechanisms

The global measurements presented in section 3.1 using
electrical measurements revealed differences in the char-
acteristics of dissipated power in the argon and helium
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Figure 7. Bulk and sheath width in the abnormal mode as a function of the dissipated power for argon (black symbols) and helium (red
symbols) discharge. The dashed lines mark modeling results from literature [7, 43].

discharge leading to an opposing behavior of the phase dif-
ference between current and voltage. This behavior suggests
that the temporal and spatial profile of the electron heating
and ionization rates is affected. To identify different electron
heating mechanisms, the time-resolved emission in the argon
and helium plasma is compared at different dissipated power
values.

Figure 8 shows discharge emission structures in one-
dimensional phase-resolved plots within one RF-period
between the electrodes for the argon and the helium dis-
charge. The abscissa comprises a full RF period (74 ns). To
guide the eye, the estimated position of the plasma sheath
edge is indicated by black lines. These plots originate from
the central lateral position (x = —15 mm) of the discharge
channel as defined in figure 1.

For argon, the emission at 750 nm and for helium at
706 nm is shown at a typical low (upper row), moderate
(lower row) and high power of 260 mW, 540 mW and
1000 mW, respectively. These isolated emission lines are
expected to reflect the ionization dynamics in the discharge.
As expected, the absolute intensity rises with increasing
applied voltage (not shown here). However, to emphasize the
structure, these images are normalized to their respective
maximum.

3.3.1. Emission structures in the argon discharge.

Figure 8(a) shows that the emission is strongly time
modulated. The measurements reveal two intensity maxima
within one RF half-period (labeled with I and II,
respectively). This is an indicator for a high electron energy
at the position close the sheath edge, since the electron impact
excitation of the 2p, state requires an electron energy of
13.5eV. Comparing (a) to (c), the images reveal that the
principal excitation scheme is the same for elevated powers
except for the change in time indicated by vertical dashed

lines. For higher operation voltages, emission maximum I
appears approximately 6.5 ns earlier in phase than for low
voltages. This time shift is less pronounced for emission
maximum II. Additionally, a faint, third emission maximum
(marked with III) begins to develop which is approximately as
bright as the second maximum (II) but much less bright than
maximum [.

3.3.2. Emission structures in the helium discharge. In helium
(see figure 8(b)), the same emission structures can be
observed but are differently pronounced: Initially, only two
emission structures (I and II) are visible. With increasing
dissipated power, the intensity of maximum III increases
strongly. At 540 mW, maximum III is already more
prominent than emission maximum I. For helium, the
dissipated power could be even increased to 1000 mW (see
figure 8(e)), where the argon discharge would already form a
filament. At this power, emission structure III is clearly
dominating the emission pattern, while emission maxima I
and II are only faintly visible. This is an indication for a
complete mode change in the helium case, whereas for argon
only a small change was observed.

The emission structures in helium are well documented
in the literature (compare [44—46]). As the emission structures
observed at atmospheric pressure closely resembles those
observed in low temperature plasmas, the nomenclature is
often adopted as a-mode (maxima I/II) and ~-mode
(maximum IIT). However at atmospheric pressure, the under-
lying processes are completely different and will therefore
briefly be described in the following.

In low pressure plasmas, the first maximum is attributed
to energetic electrons during sheath expansion. The second
maximum is induced by a momentary reversal of the local
electric field during sheath collapse [47]. However at
atmospheric pressure, no field reversal was observed in
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Figure 8. Normalized phase-resolved emission plots of the argon 750 nm emission line (left) and the helium 706 nm emission line (right)

operated at 260 mW (a), (b), 540 mW (c), (d), and 1000 mW (e).

numerical simulations [44, 45] but instead an enhanced
electric field without changes in polarity.

According to Hemke et al [44], ionization during sheath
expansion is caused by a high bulk electric field that has local
extrema at the sheath edges. This electric field is predomi-
nantly a drift field due to the low conductivity of the bulk
discharge. According to Liu er al [45], in contrast to low
pressure helium plasmas, the emission structures indicate that
the electrons are not only heated during the sheath expansion
[21], but may also be considerably heated during the sheath
retreat. The additional heating is caused by a field-enhanced
region in front of the retreating sheath. A small number of
electrons are not able to follow the retreating sheath due to
collisions at high pressure. Those electrons accumulate and
create a region of negative space charge. Thus, a self-
consistent electric field forms that accelerates the electrons
towards the electrode, heating them in the process. As the
current signal precedes the voltage signal by approximately
90° (compare figure 4), the emission maxima (I + II) are also
related to the maxima of the current magnitude [16]. Hemke
et al [44] named this effect of Ohmic bulk heating of electrons
the 2-mode. However, this designation has not been
consistently accepted, as most other authors still continue to
refer to this mode as a-mode.

The emission structures of excited argon atoms closely
resemble measurements and simulations by Diinnbier et al,
who conducted PROES at a similar discharge geometry, but

at a higher excitation frequency of 27 MHz [16]. Since they
used a wider electrode gap and a higher frequency, they
observed more concise emission structures and a rather faint
emission maximum II due to the smaller oscillation amplitude
of the charged species. We also measured the emission at the
811 nm line (not shown here) which also shows the same
trends as measured by Diinnbier et al.

3.3.3. Differences between argon and helium discharge.
Comparing the emission pattern in argon and helium, the
observations fit very well to the expectations derived from the
observations of measurements in helium as illustrated in
figure 8 (compare also [32, 33, 46]). The emission structures
are mainly similar but exhibit slight differences. In helium,
emission maxima [ and II are not clearly separated and
emission maximum II is much less pronounced than in argon.
This is probably due to the higher collision cross section for
momentum transfer in argon for high electron energies.
Additionally, due to their lower mass, the mobility of helium
ions is higher than that of argon ions. Therefore, the electrons
can easily follow the electrical field and are not slowed down
by ambipolar diffusion.

The third maximum can be attributed in time to the
maximum of the discharge voltage, where the electric field
and the sheath amplitude is largest in the cathode region.
Therefore, it is attributed to secondary electron processes.
Consequently, following the low pressure plasma
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Figure 9. Development of the intensity integrated across the discharge gap: (a) 750 nm intensity of the argon discharge and the (b) 706 nm
intensity of the helium discharge at different power values corresponding to figure 8.

nomenclature, it is referred to as ~-mode. However, at
atmospheric pressure and in particular using molecular feed
gas admixtures, also charge transfer, electron reflection and
Penning ionization processes can play a decisive role.
Therefore, Bischoff et al also call it Penning-mode [29].

In helium, these secondary electron processes are more
prominent than in argon. For low velocities of impinging
particles, the secondary electron emission yield is nearly
independent of this velocity. This is because, the electron
emission occurs primarily due to transfer of the incoming ion
or atom’s potential energy to an electron in the target [48—50].
Considering that the ionization energies of Ar" and He™ are
15.76 eV and 24.59 eV, respectively [51], i.e. they differ by
56%, one might expect the potential secondary electron yield
to be considerably different. Accordingly, Hagstrum mea-
sured the secondary electron emission yield for helium and
argon bombarding a clean tungsten surface [49]. At an ion
energy of around 10eV, the secondary electron emission
yield of helium is more than twice that of argon. Therefore,
secondary electron emission by impinging particles likely
plays a larger role in the helium discharge than in argon.
However, emission maximum III is not only due to electron
avalanches initiated by secondary electrons produced at the
electrode surface. Instead, other processes also contribute: (i)
photoionization in the sheaths, (ii) pooling reactions near the
electrode surface between metastables and excimers
(Ar* + Ar* = Art + e + Ar, AZ + A = A + 2Ar +¢e).
Metastables and excimers have already been identified, e.g.
in VUV spectra [52, 53]. These processes are a source of non-
thermal electrons. If these electrons are created inside the
sheath, they are strongly accelerated by the high electric field.
Since the potential energies of excited helium levels and thus
the kinetic energy of the released electrons and photons is
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higher than in argon, re-excitation reactions and thus heating
of the discharge is supported.

These differences in heating mechanisms agree with
observations from the global electrical measurements
described in section 3.1, as they explain the inverse phase
dependence on the discharge voltage shown in figures 4(a)
and (b): whereas the absolute value of the phase difference
between current and voltage is increasing with higher
discharge voltage for argon, it is decreasing for helium. This
can be explained by the change in the phase-resolved
emission pattern: figure 9 shows the temporal development
of the intensity integrated across the discharge gap of the (a)
750 nm line of the argon discharge and the (b) 706 nm line of
the helium discharge at different power values. According to
simulations by Hemke et al [44] and Diinnbier et al [16], the
emission maxima correspond to the maximum discharge
current amplitude. Therefore, the emission intensity is a
measure for the absolute value of the discharge current as
qualitatively plotted above the graph. Additionally, the
qualitative discharge voltage behavior can be deduced from
the sheath oscillations and is also indicated above the graphs.

The maxima of the emission for each power level are
marked in the graphs by vertical lines. With increasing power,
the emission maximum (and thus the current) of the argon
discharge is shifted to earlier times in the cycle. This
corresponds to an increase of the absolute value of the phase
difference as observed in figure 4(a). In contrast, the emission
maximum (and thus the current) of the helium discharge is
shifted to later times in the cycle. This results in a decrease of
the absolute value of the phase difference with increasing
power as observed in figure 4(b). So the microscopic
differences in heating mechanisms result in a macroscopic
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difference of the phase behavior observed with the global
measurements.

This behavior also supports the measurements presented
in section 3.1: for argon, the dissipated power rises linearly
with increasing voltage. However for helium, an additional
power term is observed that might be explained by these
secondary electron processes causing additional sheath
heating.

4, Conclusion

In this publication, we compare fundamental plasma para-
meters and physical processes such as electron heating and
energy loss mechanisms of a capacitively coupled RF atmo-
spheric pressure discharge operated in argon and in helium. A
first comparison via photographs reveals differences in the
emission structures with increasing applied voltage between
argon and helium that is also reflected in the power and phase
characteristics. Opposite to the argon discharge, the helium
discharge exhibits pronounced emission zones at the sheath
edges as well as an additional loss term in the power char-
acteristics and a decrease in phase angle in abnormal mode
with increasing voltage and power.

To explain this behavior, we deduced the electron density
from a simple electrical model to monotoneously increase
with dissipated power for both feed gases. At a given dis-
charge power, the electron density in the argon discharge is
approximately one order of magnitude higher than in the
helium discharge.

To analyze the electron temperature, we used a simple
energy balance. In argon, nearly all of the energy put into the
discharge is used for ionization. This leads to a comparatively
high electron density of 9 x 107 m~3, but low electron
temperature of 1.2eV at a power of 0.6 W. For an equi-
operational helium discharge, most of the electron energy is
lost in elastic electron-atom collisions. To still sustain the
discharge, the electron temperature is higher (1.7 eV) at a low
electron density of 7.8 x 10 m~3.

The phase-resolved emission structures observed in the
argon discharge using PROES roughly resemble the struc-
tures observed in the helium discharge but are differently
pronounced. Whereas the emission maximum in front of the
retreating sheath is more prominent in argon compared to
helium, the opposite trend is observed for the emission
maximum in the sheath. As the emission maximum in front of
the retreating sheath is due to the electrons not being able to
follow the retreating sheath, this is probably caused by the
higher mobility of helium ions. The emission maximum in
the sheath is caused by secondary electron processes in the
sheath. Therefore, it is stronger in helium, as the potential
energy levels of excited states are higher compared to argon.
Assuming these emission maxima being a measure for the
absolute value of the current amplitude, this explains the
opposing behavior observed in the phase-power character-
istics. This observation represents the bridge between the
microscopic differences in heating mechanisms and the
macroscopic difference in the global, electrical measurements.
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Based on these findings regarding electron density and
temperature, we propose that the use of argon instead of
helium as feed gas for the dissociation of molecular admix-
tures such as CO, might be advantageous for the conversion
rate. The electron temperature in argon is lower than in
helium but the electron energy is still sufficient to initiate
dissociation of molecules, e.g. CO,. However, the electron
density is significantly higher than in helium, thus increasing
the reaction rate and consequently the conversion rate. This
might contribute to the interpretation of recently published
results by Stewig et al [6] on CO, conversion rates. Espe-
cially promising is the combination with other adaptations,
such as modifying the excitation voltage waveform and fre-
quency to modify the temporal and spatial appearance of the
heating modes in order to tailor the discharge for improved
chemical applications [16, 54].
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