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Contrasting characteristics of sub-microsecond pulsed atmospheric air and atmospheric pressure heliumoxygen glow discharges

Glow discharges in air are often considered to be the ultimate low-temperature atmospheric pressure plasmas for numerous chamber-free applications. This is due to the ubiquitous presence of air and the perceived abundance of reactive oxygen and nitrogen species in air plasmas. In this paper, sub-microsecond pulsed atmospheric air plasmas are shown to produce a low concentration of excited oxygen atoms but an abundance of excited nitrogen species, UV photons and ozone molecules. This contrasts sharply with efficient production of excited oxygen atoms in comparable helium-oxygen discharges. Relevant reaction chemistry analyzed with a global model suggests that collisional excitation of O 2 by helium metastables is significantly more efficient than electron dissociative excitation of O 2 , electron excitation of O, and ion-ion recombination. These results suggest different practical uses of the two oxygen-containing atmospheric discharges, with air plasmas being well suited for nitrogen and UV based chemistry and He-O 2 plasmas for excited atomic oxygen based chemistry.

Non-equilibrium atmospheric pressure plasmas are becoming increasingly important in industrial and biomedical applications due to the scope and diversity of their reaction chemistry at low gas temperature without the need for a vacuum chamber [1]- [2]. In low pressure discharges, ions tend to be highly energetic hence many low pressure processing applications are driven by ion bombardment, such as semiconductor wafer processing [3].

At atmospheric pressures, where collisions occur on a picosecond timescale and the mean free path is on a tens of nanometers scale, it is difficult to accelerate ions to the energies required to trigger ion-enabled surface chemistry [4]. Consequently, applications employing atmospheric plasmas tend to be driven by a high flux of reactive chemical species such as atomic O, O 3 , OH, NO, and others [2][5] [7]. Detailed understanding of reaction chemistry in atmospheric discharges is essential to achieve optimum application efficacy and processing control. The need to maximize the flux of reactive species produced must be balanced out by the need to maintain plasma stability. This is challenging for atmospheric plasmas and is often approached by employing a noble base gas (e.g. helium or argon) mixed with a small admixture of a reactive precursor gas such as oxygen [5]- [8]. For practical applications where process economy is important, it is always attractive to use less costly molecular gases, for example air. The usual tendency for atmospheric air discharges to evolve into a hot filamentary plasma can be controlled effectively by using, for example, sub-microsecond pulsed excitation [9]- [11] and micrometer-scale discharge geometry [12] [13].

While it is possible to generate stable and low-temperature atmospheric air plasmas, it is not clear whether they offer appropriate reaction chemistry. This study compares the production of key reactive species and UV photons in two oxygen-containing atmospheric plasmas, namely a pulsed helium-oxygen discharge and a pulsed air discharge. In all experiments detailed here, the electrode unit consisted of two cylindrical steel electrodes with a 2mm separation, the electrode area was 7cm 2 and a 1mm thick Al 2 O 3 sheet covered one electrode thus reducing the gas gap to 1mm. The electrode unit was housed in an enclosure into which air was fed at a rate of 5 standard liters per minute (SLM). In the He-O 2 case, the total gas flow was fixed at 5SLM with an adjustable O 2 /He ratio nominally at 0.5% that was found to achieve an optimal inactivation of bacteria [14] and biomolecules [5]. A home-made high voltage pulse generator delivered pulses up to 15kV in magnitude and ~200ns FWHM duration to the dielectric covered electrode at 5kHz. The average dissipated power was calculated by integrating the instantaneous power over a single pulse and multiplying by the repetition frequency. This was done in real-time allowing the power dissipation in the plasma to be monitored in-situ. A fiber optic cable and collimating lens were fixed 5mm from the discharge edge to allow optical diagnostics to be conducted. To to 206 reactions. The input parameters are dissipated power, gas temperature and densities of ground state He and O 2 . For a given power, the particle and power balance equations are solved simultaneously to determine the steady-state plasma composition [15].

Using the 200 ns voltage pulses with rise and fall time of < 20 ns, both pulsed atmospheric discharges were found to be stable and free from streamers. Figure 1 depicts their measured current and voltage waveforms with O 2 /He = 0.5% for the He-O 2 plasma.

While the temporal characters of their electrical signals are similar, the peak voltage of the air plasma is higher at 5.9 kV than 4 kV of the He-O 2 plasma. Its currents are also larger at The relative emission spectra of the UV band (250-400nm) shown in figures 2a and 2c

were obtained using a 1200 grooves/mm grating to give a spectral resolution of ~0.1nm.

The absolute emission spectra of the visible spectrum (400-850nm) in figures 2b and 2d

were measured with a 150 grooves/mm grating that provided a ~2nm resolution. Emission spectra from the He-O 2 discharge are dominated by excited atomic oxygen, O( 5 P) and O( 3 P) at 777nm and 845nm respectively. Helium, nitrogen and OH species are also observed but at a lower intensity. Emission from the 2 nd positive system of N 2 is significantly lower than

N 2 + (B 2 Σ g + ) emission at 391nm. N 2 + (B 2 Σ g +
) is readily produced through, among other routes, Penning ionization by helium metastables [17][19][20]. This supports the explanation for the DC current in figure 1a that it is likely due to electrons produced via Penning processes.

Despite the far higher concentration of He than O 2 in the background gas, He emission at 706nm ( 3 S 1 -3 P 1 ) is significantly lower than atomic oxygen emission at 777 and 845 nm. This has been reported in other atmospheric helium discharges [17][20]- [22], and is attributed to different excitation mechanisms [20].

For the air plasma, there is strong emission from nitrogen species below 400 nm, most notably the nitrogen second positive system but also from nitric oxide. In comparison to the He-O 2 discharge, the N 2 second positive emission of the air plasma is notably larger and OH emission is absent. High nitrogen emission in the air plasma is likely due to the far greater N 2 ) emission and are likely to account for comparable 391 nm emission in the two plasmas. The most striking difference in figure 2 is that the air plasma produces very little emission above 400 nm where many reactive oxygen emission lines exist. In particular, there is little emission at the atomic oxygen lines of 777 nm and 845 nm. This contrast in excited atomic oxygen is significant for bacterial and biomolecule inactivation [5][23] and will be discussed further with simulation data.

Gas temperature has direct implications for many applications and influences plasma chemistry. The contrast in excited atomic oxygen of the two oxygen-containing plasmas indicated in figure 2 may be influenced by a difference in their gas temperature. Molecular gas discharges, especially in air, are known to have elevated temperatures when compared to noble gas discharges in helium and argon. Typically, this is because air discharges require substantially higher power densities than noble gas discharges particularly when driven by continuous-wave excitation. The effect of short-pulsed excitation, however, acts to reduce the amount of power needed to sustain the discharge [24], and its long off-time allows significant gas cooling between consecutive pulses leading to a lower gas temperature. As a result, the average dissipated power densities in sub-microsecond pulsed discharges are considerably reduced to 2~10W/cm 3 regardless of the gas used [10][21]. Figure 3 highlights the rotational temperature of nitrogen at a constant dissipated power of 3W in the two discharges, obtained from Specair assuming that nitrogen rotational and translational temperatures are in equilibrium. Figure 3a and 3b suggest that T rot =310K in the He-O 2 discharge and T rot =330K in the air discharge. As expected, the air discharge has a slightly higher gas temperature, however the fitting errors are found to be up to ± 10K.

Consequently the gas temperature in both discharges can be considered to be similar and is unlikely to contribute to the contrast in excited O emission. Figure 3c shows that T rot of the He-O 2 plasma changes from 300K to 340K between 1W to 6W, whereas the temperature in the air plasma increases from 330K to 350K when power is increased from 2W to 6W. The rate of change of temperature is greater in the He-O 2 plasma, and this is attributed to the heating by the DC current component during the voltage pulse.

Figures 4a and4b show the excited oxygen emission intensity and ozone concentration from each discharge as a function of input power. Figure 4a shows the trend in emission intensity of atomic oxygen, O( 5 P) at 777nm and O( 3 P) at 845nm, for both the air and heliumoxygen discharges. At 3 W, emission intensity of excited atomic oxygen in the He-O 2 plasma is a factor of 85 and 180 at 777 nm and 845 nm, respectively, higher than in the air plasma.

An increase in dissipated power yields an increase in emission intensity of both species, as a higher dissipated power yields a higher electron density which in turn produces a higher density of species. For ozone concentration shown in figure 4b, each measurement was taken 20s after igniting the discharge, a Gastec ozone sampling tube (18M 2-200ppm range) was placed at the exhaust of the discharge chamber and a sample was drawn from the exhaust gas. As ozone takes a significant time to decompose back to oxygen, it was necessary to flush the enclosure with the base gas for several minutes after each measurement was taken to remove any residual ozone. Similar to the O trend in figure 4a, ozone production is proportional to the dissipated power. In the air plasma, ozone levels increase from 70ppm at 2W to 170ppm at 6W, comparable to those reported in similar atmospheric discharges [25]. In the He-O 2 plasma, the ozone density increases from 15ppm at 1W to 95ppm at 6W when O 2 /He = 0.5%. Also shown is the ozone concentration for O 2 /He = 1% and 1.5% at a constant power of 6W, suggesting an ozone increase by roughly 50ppm for every 0.5% of oxygen added to the base gas.

To help with the interpretation of figure 4 ] is approximately 10 -3 meaning pathway 1 dominates over pathway 2 [26].

Collisional excitation by He metastables is found to be extremely efficient for O( 3 P) and O( 5 P) production. This is in spite of rate coefficients for collisional excitation to O( 3 P) and O( 5 P) by helium metastables being estimated conservatively at 10 -12 cm 3 /s here, based on the reported total rate for He*+O 2 of 2.4x10 -10 cm 3 /s [27]. As reported previously [20], oxygen emission in the presence of nitrogen is not time modulated, suggesting that electron excitation reactions are unlikely to be significant in the population of O ). The quenching rate is found to be 2.88x10 8 s -1 , and the rate ratio from quenching to radiation is 9:1. Radiative processes, however, are still significant.

In the atmospheric air discharge, similar population processes are expected [START_REF] Becker | Non-equilibrium air plasmas at atmospheric pressure[END_REF] except for those involving helium metastables (e.g. pathway 3). Other metastable states, such as nitrogen, do not have sufficient energy to cause collisional excitation of oxygen. In addition, electron excitation of O 2 and O are expected to be inefficient due to the electronegative nature (i.e. low electron density) at low temperature (<1000K) air plasmas [START_REF] Becker | Non-equilibrium air plasmas at atmospheric pressure[END_REF]. Ion-ion recombination is also inefficient in air discharges at low-temperature (<1000K) due to the very low density of O 2 + [START_REF] Becker | Non-equilibrium air plasmas at atmospheric pressure[END_REF]. On the other hand, the main depopulation process of O( 3 P)

and O( 5 P) in the air plasma is quenching with N 2 and O 2 . Ref [32] suggests that the quenching rate coefficient via nitrogen is 4.2x10 -10 cm -3 s -1 , leading to a quenching rate of 1.31x10 10 s -1 in the air plasma. This indicates a rate ratio from quenching to radiation is about 400:1 in the air plasma, so radiative decay contributes far less to the depopulation rate. In comparison with the He-O 2 plasma, the depopulation of excited atomic oxygen is about ~45 times greater in the air plasma. In short, population of O( 3 P) and O( 5 P) in a He+O 2 discharge is significantly more efficient than in an air discharge and its quenching is significantly slower. As a result very little atomic oxygen emission is observed in air discharges when compared with He+O 2 plasmas.

For atmospheric pressure discharges particularly in molecular gases, short-pulse excitation is critical to attain low gas temperature and robust plasma stability compared to the common sinusoidal excitation [25][32] [33]. In general, the extent of these benefits depends on pulsewidth [21][34]- [36], pulse rise and fall times [34][37], and pulse repetition frequency [21][34] [38]. Similar to most high-pressure short-pulsed plasmas, the submicrosecond pulsed atmospheric plasmas reported here employ a dielectric-barrier configuration and the use of dielectric barriers results in typically two current pulses for every voltage pulse (see figure 1). Typically, discharge current is observed during the voltage rising and falling phases with very little current flow during the applied voltage.

When the pulsewidth of the applied voltage was increased from 200 ns in the case of figure 1234, the two current pulses produced during one voltage pulse were moved further apart by the increased pulsewidth of the applied voltage. With the averaged dissipated power maintained at 3W, the gas temperature was relatively independent of the voltage pulsewidth in our experiments. For example at a voltage pulse of 1 Ts and a dissipated power of 3W, the gas temperature was found to be 340K and 330 K for the pulsed atmospheric air and atmospheric He-O 2 plasmas, respectively. With an error bar of ±10K, these are similar to 330K and 310K for the air and He-O 2 plasmas, respectively, when the voltage pulsewidth was 200ns (see figure 3). The larger temperature increase in the He-O 2 case is due to the small dc component in its discharge current (see figure 1a). It should be emphasized however that in the He-O 2 case both the applied voltage and the discharge current had to be reduced considerably to maintain the same averaged dissipated power of 3W when the voltage pulsewidth was increased to 1 µs from 200ns. If the applied voltage is allowed to increase, the averaged dissipated power would increase and the gas temperature would also increase. For our experiments, the benefits of pulsed excitation in terms of low gas temperature and large reactive species concentrations would start to diminish after the voltage pulsewidth is much above 100 µs and the rise time above 10µs. This suggests an interesting correlation between the gas temperature and the averaged dissipated power in two different gases.

More importantly however is that shorter pulsewidth allows for the use of much elevated applied voltage (hence larger reduced electric field of E/N) to induce greater peak discharge current (hence higher electron density), both desirable for active plasma chemistry. In fact, the use of sub-microsecond and even nanosecond pulsed excitation would facilitate the possibility to manipulate the electron energy distribution function and in turn manipulate plasma chemistry [37]. This study has not addressed directly the effect of pulse risetime and pulse repetition frequency. However it is known that shorter risetime would permit the use of over-voltage and the resulting increase in E/N would lead to more abundant reactive species and UV emission [34]. It is also known that higher repetition frequency would in general increase the production of reactive plasma species [21] though the relationship is not always monotonic [38]. It is important to remark that the use of short pulses not only reduces the gas temperature but also enables access to active and diverse plasma chemistry that cannot be easily accessed using sinusoidal excitation. Finally it is worth mentioning that sub-microsecond pulsed atmospheric plasmas were achieved in helium without dielectric barriers with one current pulse every voltage pulse [21][37] [39],

suggesting a different plasma generation mechanism.

In conclusion, this paper has presented a study of two atmospheric oxygen-containing discharges. Using sub-microsecond pulses, the gas temperature was low and similar in both cases. Of particular note is that atomic oxygen emission intensity was about two orders of magnitude higher in the He-O 2 discharge compared to that observed in the air plasma. A global model for He-O 2 plasmas was used to establish that production of excited oxygen atoms is more efficient in the He-O 2 plasma than in the air plasma. Furthermore, quenching of O( 3 P) and O( 5 P) in the air plasma were found to be ~45 times greater than in the He-O 2 discharge. These two findings explain the contrast in excited O emission and suggest that the two oxygen-containing atmospheric discharges may have different uses, with air plasmas being well suited for applications requiring nitrogen and UV based chemistry and He-O 2 plasmas for those requiring excited atomic oxygen. Table 1: Key reactions and their rate coefficients used in the He-O 2 global model ( ) ( ) 

  support the experimental study, a global model of He-O 2 plasmas was developed. Similar global models have been widely used for analyzing capacitively-coupled discharges both at low and atmospheric pressure[15][16]. As global models are computationally simple, it is possible to implement large number of reactions and species to realistically model complex discharge chemistry. The global model employed here accounts for 18 species, including e,
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 22 ( 3 P) and O( 5 P). Ion-ion recombination is another possible population pathway. Simulation results indicate that O 2 + is the dominant ion while O -and O 2 -are the dominant anions. Their recombination rates are about three orders of magnitude higher than for pathway 3, however the density ratio of [O - +O is 10 -6 . As a result, ion-ion recombination is not an efficient population mechanism of O( 3 P) and O( 5 P). Depopulation of O( 3 P) and O( 5 P) occurs via radiation (pathway 5) and quenching (pathway 6
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 1 Figure 1: Current and voltage waveforms obtained in the pulsed atmospheric dielectric barrier discharge operating in (a) helium with 0.5% oxygen admixture and (b) ambient air.
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 23 Figure 2: Relative (a) and absolute (b) emission spectra of the pulsed He+O 2 plasma at O 2 /He = 0.5%, and relative (c) and absolute (d) emission spectra of the pulsed air discharge, both operating at 3W Figure 3: Experimental and simulated best-fit data of the second positive nitrogen emission band for (a) the He-O 2 plasma, and (b) the air plasma, both at 3W of dissipated power, with the power dependence of the rotational temperature in (c).
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 4 Figure 4: Dissipated power dependence of (a) the absolute emission intensity of O( 5 P) at 777nm and O( 3 P) at 845nm and (b) ozone concentration for the air and the He-O 2 plasma. In the He-O 2 plasma, O 2 /He is (a) 0.5% and (b) 0.5, 1.0 and 1.5%.
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 5 Figure 5: Schematic representation of the He-O 2 global model results showing key reaction pathways responsible for populating and depopulating (a) O( 3 P) and (b) O( 5 P) at 6W of dissipated power. Percentages indicate their relative contributions.
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 3 Figure 3: Experimental and simulated best-fit data of the second positive nitrogen emission band for (a) the He-O 2 plasma, and (b) the air plasma, both at 3W of dissipated power, with the power dependence of T rot in (c).
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 5 Figure 5: Schematic representation of the He-O 2 global model results showing key reaction pathways responsible for populating and depopulating (a) O( 3 P) and (b) O( 5 P) at 6W of dissipated power. Percentages indicate their relative contributions.

  , key reactions in the two O 2 -containing plasmas are analyzed. For the air plasma, air is assumed to consist of only N 2 and O 2 as impurities such as Ar, CO 2 and water vapor were absent from figure2. Table1highlights the main pathways responsible for O( 3 P) and O( 5 P) population and depopulation in a He-O 2 discharge, and figure5shows relative contributions of these mechanisms calculated from the He+O 2 global model. The steady-state electron temperature is found to be ~2.5eV.

	Pathways 1 and 2 (table 1) involve electron excitation of O 2 and O respectively. While the
	rate coefficient in pathway 2 is ~100 times higher than that in pathway 1, the density ratio
	of [O]/[O 2