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broad overview and is still an excellent introduction to the subject. Furthermore, the new topic of "microplasmas" was also developed at that time [START_REF] Becker | TOPICAL REVIEW: Microplasmas and applications[END_REF].

Non-thermal plasmas generated by DBDs are usually filamentary [START_REF] Becker | Electron-driven processes in high-pressure plasmas[END_REF], but at specific conditions, diffuse or uniform discharges are obtained [START_REF] Kogelschatz | Filamentary, patterned, and diffuse barrier discharges[END_REF][START_REF] Müller | On various kinds of dielectric barrier discharges[END_REF][START_REF] Massines | Experimental and theoretical study of a glow discharge at atmospheric pressure controlled by dielectric barrier[END_REF][START_REF] Massines | System-901 atic investigation of the barrier discharge operation 902 in helium, nitrogen, and mixtures: discharge develop-903 ment, formation and decay of surface charges[END_REF][8][9]. These diffuse DBDs are attractive for surface deposition applications, as linear processing with less sophisticated vacuum technology can be realised while enabling a homogeneous surface treatment [10,11]. Diffuse DBDs are distinguished between atmospheric pressure Townsend discharges (APTDs) and atmospheric pressure glow discharges (APGDs) with intermediate modes, which depend mainly on the frequency and amplitude of the applied voltage waveform [12][13][14]. APTDs are mainly generated in sinusoidal-operated planar DBD arrangements in N 2 , pure or with small (i.e. up to about 500 ppm) admixtures of O 2 or N 2 O, or under certain conditions even in atmospheric pressure air [15]. An example for a miniaturised APTD in a "single-filament" arrangement in N 2 with and without O 2 admixtures can be found in [16]. Volume and surface memory effects are supposed to determine the discharge regime [START_REF] Kogelschatz | Filamentary, patterned, and diffuse barrier discharges[END_REF][START_REF] Massines | Experimental and theoretical study of a glow discharge at atmospheric pressure controlled by dielectric barrier[END_REF][17][18][START_REF] Brandenburg | Dielectric barrier discharges: progress 907 on plasma sources and on the understanding of regimes 908 and single filaments[END_REF]. These memory effects increase the number of electrons prior and during the breakdown. Consequently, the discharge ignites at low electrical field strength and its formation proceeds slower than in case of streamer generation [17]. For the APTD in N 2 mainly the spontaneous electron emission and secondary electron emission induced by N 2 (A 3 Σ + u ) were considered to be responsible for the memory effect [START_REF] Nemschokmichal | Spatio-temporal characterization of N2(A 3 Σ + u ) metastables in diffuse nitrogen barrier discharges[END_REF][START_REF] Tyl | Investigation of memory effect in atmospheric pressure dielectric barrier discharge in nitrogen with small oxygen or nitric oxide addition[END_REF][START_REF] Lin | The role of associative ionization reactions in the memory effect of atmospheric pressure townsend discharges in N2 with a small O2 addition[END_REF][START_REF] Bílek | Atmospheric pressure townsend discharge in pure nitrogen -a test case for N2(A 3 Σ + u , v) kinetics under low E/N conditions[END_REF]. The role of the latter process is evident due to the fact that small additions of N 2 (A 3 Σ + u ) quenchers (e.g. O 2 or NH 3 ) limit the minimum frequency at which APTDs occur [16,17].

A full understanding of the underlying physics of discharge formation is still missing, especially for conditions important for layer deposition. In particular, the control of discharge uniformity in gas mixtures containing precursor molecules and reactive components is rarely studied. N 2 O is interesting for such studies from several viewpoints, namely as an electronegative compound, as an oxidising agent, and as a donator of oxygen atoms during thin film deposition.

In a previous work, the impact of nitrous oxide (N 2 O) admixture to N 2 on DBD characteristics was studied in a pulsed operated, single-filament arrangement [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF].

Under pulsed operation, these DBDs were found to be filamentary both for virtually pure N 2 as well as for all used N 2 O concentrations in N 2 (up to 10 vol%), i.e. the diffuse discharge regimes could not be generated and examined. Therefore, the focus of this work is the investigation of sine-driven DBDs using the same arrange- The same discharge arrangement as in the previous study on the impact of N 2 O in N 2 for pulsed operation described in [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF] was used, together with similar diagnostics (see Fig. 1). Therefore, only the essential details are briefly given here.

A symmetric double-sided DBD arrangement with half-spherical, alumina-covered metal electrodes with a gap width of 1 mm was used (Fig. 2). The aluminacovered electrodes had a diameter of about 4 mm and a tip radius of about 2 mm. The thickness of the dielectric above the tip was about 0.5 mm. The electrodes were affecting the APTD behaviour [START_REF] Lin | The role of associative ionization reactions in the memory effect of atmospheric pressure townsend discharges in N2 with a small O2 addition[END_REF]) as examined by an 112 oxygen sensor (Zirox SGM 7.4). 

O2(X 3 Σ - g , ν = 1, . . . , 4) N2(X 1 Σ + g , ν = 1, . . . , 10) Neutrals in electronically excited state O( 1 D), O * (4.19 eV) O2(a 1 ∆g, ), O2(b 1 Σ + g ), O * 2 (4.50 eV) O * 3 (1.77 eV) N( 2 D), N( 2 P) N2(A 3 Σ + u ), N2(B 3 Πg), N2(B 3 Σ - u ) N2(a 1 Σ - u ), N2(a 1 Πg), N2(C 3 Πu), N2(a 1 Σ + g ) NO(A 2 Σ + ), NO(B 2 Π), NO2(A) Positive ions O + , O + 2 , O + 3 , O +
tions were self-consistently solved as described in [START_REF] Becker | Analysis of microdischarges in asymmetric dielectric barrier discharges in argon[END_REF].

146

While the Poisson equation delivered the potential and the axial electric field, the particle densities and the energy density of the electrons were calculated by the balance equations. The fluxes of heavy particles were determined in the common drift-diffusion approximation as described in [START_REF] Becker | Analysis of microdischarges in asymmetric dielectric barrier discharges in argon[END_REF]. For the particle and energy flux of the electrons, an improved drift-diffusion approximation, see [START_REF] Becker | Enhanced reliability of drift-diffusion approximation for electrons in fluid models for nonthermal plasmas[END_REF], was used. The accumulation of surface charges at the dielectric surfaces was accounted for by the addition of charged particle fluxes. The reaction kinetics scheme was based on [START_REF] Kossyi | Kinetic scheme of the nonequilibrium discharge in nitrogen-oxygen mixtures[END_REF] and included about 50 heavy particle species (see Table 1)1 and more than 520 reactions. Besides the N 2 O admixture to N 2 , an O 2 concentration of 30 ppm was considered to account for the experimentally unavoidable impurity. The secondary emission of electrons from the dielectric surfaces by N 2 (A) impact was considered with a secondary electron emission coefficient of 0.2. This value appears to be an upper limit for the secondary electron emission occurring during the collision of metastable nitrogen molecules with dielectric surfaces [START_REF] Marbach | Resonant charge transfer at dielectric surfaces electron capture and release due to impacting metastable nitrogen molecules[END_REF]. Besides, the partial reflection and emission of particles according to [START_REF] Hagelaar | Boundary conditions in fluid models of gas discharges[END_REF] was used as boundary condition at the dielectrics with a secondary electron emission coefficient for ion-induced electron emission of 0.02. A quasi-neutral state with an electron density of 10 3 cm -3 was used as initial condition.

Results and discussion

While varying the N 2 O concentration in N 2 in the DBD arrangement under consideration, two different discharge regimes were found in dependence on the amplitude of the sinusoidal HV at 10 kHz:

i. Diffuse regime: pure APTD mode ii. Simultaneous diffuse and filamentary regime: "hybrid mode"

In the following, the experimental results on the discharge characterisation for both modes will be separately described with respect to the N 2 O admixture and the underlying mechanisms will be analysed afterwards in combination with the modelling results in a conclusive section.

Pure APTD mode

The DBD in virtually pure N 2 in a 1 mm gap ignited at a voltage of 12.6 kV pp (4.5 kV RMS ), featuring a diffuse, i.e. non-constricted, emission in the volume in front of the anode. An example of the discharge morphology is presented in Fig. 3 while the emission intensity dropped significantly (note the comparable logarithmic intensity scale in Fig. 4).

For all N 2 O concentrations, the discharge emission is increasing exponentially towards the anode, reaching its maximum just in front of the anode surface. This can be clearly seen in the emission profiles shown in Fig. 5, where the emission along the central axis of the gap is plotted for both half cycles. Electronic excita-

2 No discharge could be ignited for 10 vol% N2O in N2 at 12.6 kVpp. 6)) for different gas mixtures at 12.6 kVpp. Each image is the result of 1000 accumulations. The intensity is colour-coded with a logarithmic scaling (comparable for all cases here) tion of N 2 (more precisely the second positive system of 219 N 2 (C)) is responsible for the major part of the emission 220 of DBDs with a N 2 admixture [START_REF] Bílek | Atmospheric pressure townsend discharge in pure nitrogen -a test case for N2(A 3 Σ + u , v) kinetics under low E/N conditions[END_REF]. An exponentially 221 increasing intensity towards the anode is a characteris-222 tic of a Townsend discharge, where no significant space 223 charge is generated and consequently, the electron den-224 sity is exponentially increasing towards the anode, too 225 [START_REF] Raizer | Gas Discharge Phyics[END_REF]. Thus, the applied electric field is not disturbed by 226 space charges in the gap [START_REF] Massines | Glow and Townsend dielectric barrier discharge in various atmosphere[END_REF]. Comparing the maximum 227 intensities near the anode for both half cycles in Fig. 5 
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Negative half cycle gas mixtures using the same arrangement [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF].
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The profiles for the positive and negative half cycles The measured current mainly shows the displacement current I dis , while the actual discharge current is hardly visible. From the displacement current, it is possible to calculate the total capacitance C tot of the DBD arrangement according to the relation

I dis = C tot dU dt
using the first time derivative of the applied voltage U . The value for C tot was found to be approximately 0.2 pF, which is in good agreement with the total capacitance obtained for pulsed operation in the same arrangement [START_REF] Wubs | Impact of the electrode proximity on the streamer breakdown and development of pulsed dielectric barrier discharges[END_REF]. The discharge current of the APTD can only be seen as minuscule "humps'" on the sinusoidal curve (indicated by circles in the top row of Fig. 6). According to the literature, the maximum current density of an APTD is of the order of 1 mA/cm 2 [START_REF] Naudé | Electrical model and analysis of the transition from an atmospheric pressure townsend discharge to a filamentary discharge[END_REF] or even lower [16,[START_REF] Lin | The role of associative ionization reactions in the memory effect of atmospheric pressure townsend discharges in N2 with a small O2 addition[END_REF]. The diameter of the APTD in the arrangement under investigation is less than 1 mm (e.g. about a factor of 10 smaller than in [16]), which results in a maximal current of the order of 1 µA, which is lower than the amplitude of the displacement current. Unfortunately, such low current signals can hardly be analysed with the available electrical diagnostics. Distinct current peaks, as they are typical for filaments, are not obtained at 12.6 kV pp for all investigated N 2 -N 2 O gas mixtures (reminder: no discharge inception at 12.6 kV pp for 10 vol% N 2 O). Nevertheless, the small deviations of the sine waveform from the displacement current can be used as an indication of discharge activity, as they correspond to maximal emission intensity (as described in what follows). The ICCD images in Fig. 6 show the discharge starting at the anode, gradually rising towards the discharge volume, and simultaneously expanding in the radial direction (see positions (I) to (III) and (VI) to (VII) in this figure). After reaching the maximum of the applied voltage, the emission intensity reduces with time and withdraws towards the anode (see positions (III) to (V) and (VIII) to (X) in Fig. 6). Such discharge development for an APTD in N 2 is in agreement with the literature, e.g. [16,[START_REF] Brandenburg | Diffuse barrier discharges in nitrogen with small admixtures of oxygen: discharge mechanism and transition to the filamentary regime[END_REF]. The emission in front of the cathode in figures (I) and (VI) is due to two different effects: first, the actual gap voltage is temporally ahead to the applied voltage; i.e. the voltage across the gap reaches the breakdown threshold value earlier than the applied voltage, see modelling results in Sect. 3.3 (Fig. 15 a). Second, the 10 µs ICCD gate leads to additional accumulation of light from the preceding half cycle with opposite polarity (i.e. the actual transition from momentary anode to cathode and vice versa occurs before the applied HV changes its polarity, since the gap voltage is always slightly ahead of the applied HV in APTD [START_REF] Naudé | Electrical model and analysis of the transition from an atmospheric pressure townsend discharge to a filamentary discharge[END_REF]). The same spatiotemporal discharge emission development was found for all N 2 O admixtures for 12.6 kV pp , although the intensity and the axial extension of the emission in the gap was strongly decreased with increasing N 2 O content. In the following section, the impact of increasing the HV amplitude on the DBD characteristics will be described In Fig. 8 a, the spatio-temporal discharge development for virtually pure N 2 is shown for 14 kV pp (phaseresolved featuring 1000 accumulation per 10 µs time step analogous to Fig. 6). It has to be emphasised that the spatio-temporal discharge developments shown in Fig. 8 cannot distinguish between the intermediate filament and the diffuse APTD during the negative half cycle due to the accumulation. The discharge always operates as an APTD in the positive half cycle, which was checked by single-shot images using the same ICCD settings as described in Fig. 6. The emission intensity in the volume is higher and the discharge is wider than for 12.6 kV pp , but the maximum of the emission is still occurring near the anode as expected for an APTD. The discharge starts to decay during the phases (III-V) shown in Fig. 8 a and an APTD with reverse polarity starts to develop after the voltage zero crossing. Since a filamentary discharge ignites only every fifth period during the negative half cycle of the applied HV, the negative current peak visible in time window (VI) features a much lower (absolute) value due to the averaging. The ICCD image in this time window (Fig. 8 (a) (VI)) shows a discharge channel connecting both electrodes and spreading on the surfaces, which is an overlay of the APTD and the filaments. The dis- What is called "hybrid regime" here differs from the "hybrid mode" defined by Boisvert et al. [14], where it is defined as an intermediate state between the atmospheric pressure Townsend and glow discharge (APTD and APGD, respectively), which are both diffuse, i.e. non-filamentary discharges.
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for 1 vol% N 2 O in N 2 in comparison with the discharge in virtually pure N 2 (see Fig. 7). Since the emission intensity of a filamentary discharge is much higher compared to the intensity of a diffuse APTD, the channel is quite pronounced. While there is no emission in the gap during the negative half cycle after a filament occurrence, the discharge features again diffuse emission in front of the anode (see Fig. 8 (b) (VIII)).

In Fig. 9, the emission structure of the discharge during the maximal intensity at the positive and negative half cycle is shown for different N 2 O admixtures to N 2 . Generally, the emission intensity is decreasing with increasing N 2 O concentrations similar to the 12.6 kV pp case (note the logarithmically scaled intensity in Fig. 9). While the discharge is diffuse during the positive half cycle, with the APTD-typical emission maximum in front of the anode, the discharge at the negative half cycle is only in the diffuse APTD mode for 0.1 vol% N 2 O in N 2 . Due to the reduced emission and the more frequent occurrence of a filament for 1 and 5 vol% N 2 O admixtures compared to virtually pure N 2 , the filament appearance in the volume is more evident for 1 and

5 vol% N 2 O in N 2 .
To characterise the intermediate filaments, the discharge current for each filament was recorded. This was done by triggering the oscilloscope on a negative current value, which was explicitly higher than the displacement current 4 to ensure the recording of a distinct current peak, which are characteristic for filamentary DBDs [START_REF] Kogelschatz | Dielectric-barrier discharges: their history, discharge physics, and industrial applications[END_REF][START_REF] Kettlitz | Comparison of sinusoidal and pulsedoperated dielectric barrier discharges in an O2/N2 mixture at atmospheric pressure[END_REF]. In this context, it has to be emphasised that the discharge current peaks measured for these filaments in the hybrid mode are related to a streamerlike breakdown [START_REF] Steinle | Twodimensional simulation of filaments in barrier discharges[END_REF] and not to an atmospheric pressure glow discharge. In Fig. 10, the averaged current pulses are shown in a 150 ns time window (top) and with an enlargement on the initial current slope (12 ns, bottom). The current pulses of single recordings feature a very similar shape. For a better comparison, the current axis was inverted, and the current waveform for 10 vol% N 2 O in N 2 at 14 kV pp was added, i.e. for a filamentary DBD at both half cycles. However, it has to be noted that more than one filament per half cycle can be obtained at these conditions and these filaments are not well-localised as in the case of the hybrid regime.

The current of the filaments significantly depends on the gas composition as also described for pulsed operation [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF]. The current pulse amplitude increases from about 10 mA to 100 mA with increasing N 2 O admixture, while the duration of the current flow is higher for lower N pulsed-operated DBDs in a similar single-filament configuration, which was related to elevated pre-ionisation in the gap, i.e. the higher the pre-ionisation the slower the streamer and the shorter its starting distance to the cathode [START_REF] Höft | Breakdown characteristics in pulsed-driven dielectric barrier discharges: influence of the pre-breakdown phase due to volume memory effects[END_REF]. Furthermore, this is in accordance with the measurements of the discharge current during the filamentary discharges (see Fig. 10), i.e. the current slope is much smoother for virtually pure N 2 compared to 1 and 2 vol% N 2 O in N 2 (for which the slopes as well as the streamer propagation velocities are nearly the same). Therefore, these similarities are a strong indication that these filaments are igniting in a highly pre-ionised gap [START_REF] Nemschokmichal | Impact of 1022 volume and surface processes on the pre-ionization of 1023 dielectric barrier discharges: advanced diagnostics and 1024 fluid modeling[END_REF], although it is important to note that also the gas composition has a distinct impact on the streamer inception [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF][START_REF] Höft | The bidirectional character of O2 concentration in 1028 pulsed dielectric barrier discharges in O2/N2 gas mix-1029 tures[END_REF] In addition, for the virtually pure N 2 case, it seems that after the short cathode-directed streamer a slower anode-directed ionisation front starts propagating, which was also found to be a breakdown regime for highly pre-ionised singlefilament DBDs [START_REF] Höft | Breakdown characteristics in pulsed-driven dielectric barrier discharges: influence of the pre-breakdown phase due to volume memory effects[END_REF][START_REF] Hoder | Barrier discharges driven by sub-1033 microsecond pulses at atmospheric pressure: breakdown 1034 manipulation by pulse width[END_REF].

Using the streak camera it is possible to record the discharge emission over an entire single HV period, as shown in Fig. 13 , the streak images are compiled of 300 microdischarges, using the jitter correction function of the streak camera software [START_REF] Brandenburg | Novel insights into the development of barrier discharges by advanced volume and surface diagnostics[END_REF]. The intensity is in pseudocolour, for the ICCD images with a linear and for the streak images with a logarithmic scaling lated events for the hybrid mode and the APTD mode 499 for both half cycles in a 100 µs time window. The fila-500 ment is much more intense than the APTD and covers 501 almost the entire gap distance (note the logarithmic 502 intensity scale in Fig. 13 with respect to the maximal 503 intensity of the filament). Furthermore, the filament 504 intensity is maximal in the gap volume near to the cath-505 ode, while the emission of the APTD concentrates near 506 the anode surface. Even though the temporal resolu-507 tion of the streak images shown in Fig. 13 is only of the 508 order of 1 µs, it can without doubt be stated that the 509 APTDs last much longer than the filamentary ones as 510 also visible from the phase-resolved ICCD images (see 511 Fig. 8). Additionally, the inception of the APTD during 512 the positive half cycle evolves at a lower applied voltage 513 when a filament occurred in the previous negative half 514 cycle. Although, the impact of the filament on the gap 515 voltage has to be considered, it is clear that there is a 516 distinct shift in the discharge inception after the occur-517 rence of a filament. This can be further analysed by 518

Single shot 100 accumulations conditions, a diffuse discharge in the APTD regime is observed experimentally and predicted by the simulations. It is important to note that the 1D model used in the present study is not capable of resolving the radial discharge dynamics and filament formation, which plays an important role at higher applied voltages where the hybrid discharge mode was observed experimentally. Furthermore, the chemistry of long-living heavy particle species and the formation of larger molecules occurs on much longer time scales than the actual discharge activity. Hence, the spatially resolved fluid model including all relevant collision processes provides detailed insights into the initial discharge phase and is used here to analyse the transition of an initially high-current discharge mode to the APTD regime. Here it is important to note that the mode transition and the quasi-periodic results for the APTD regime are not influenced by the initial conditions used for the model calculations.

Figure 15 shows results of the model calculations for the time range from 300 to 500 µs corresponding to the end of the third (at t = 300 µs) to the beginning of the fifth (at t = 400 µs) period. This time range corresponds to the transition phase from the filamentary to the APTD regime. Note that the overall discharge behaviour during the following cycles remains the same, even though long-living species, such as atomic oxy- 
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see (Fig. 15 c). Here it can be seen that this electron 637 gain is mostly compensated by transport losses of elec-638 trons moving to the anode. The peaks and sinks of this 639 loss process in between the active discharge phases cor-640 respond to the exchange of anode and cathode caused 641 by the polarity change of the gap voltage (compare 642 (Fig. 15 (a andc) and the local reversal of the electric 643 field. Moreover, the spatially averaged rates of dom-644 inant gain and loss processes for N 2 (C) are given in 645 Fig. 15 d, where solid lines indicate the gain and dashed 646 lines the loss processes. While the direct electron impact 647 excitation (reaction (2)) is the main production process 648 for N 2 (C), the pooling reaction The importance of the associative ionisation pro-657 cess (3) for formation of the APTD mode requires a 658 further study of the involved species, which are atomic 659 oxygen in the ground state O, excited atomic nitrogen 660 N( 2 P) and, indirectly, metastable nitrogen N 2 (A). The 661 spatially averaged densities and dominant gain/loss 662 rates of these species are shown over time in Fig. 16. 663 The density developments of metastable N 2 (A) and 664 excited N( 2 P) species quickly become periodic in the 665 filamentary and APTD regime, i.e. their densities are 666 strongly modulated by the gas gap voltage reaching a 667 mean value above 10 13 cm -3 . In contrast, the density 668 of oxygen atoms steadily builds up over multiple peri-669 ods to about 10 15 cm -3 and is not modulated by the 670 varying HV waveform (see Fig. 16 a That is, metastable nitrogen N 2 (A) does not contribute significantly to the occurrence of an APTD here by means of secondary electron emission, but it is still very significant for the formation of the memory effect via the corresponding collision processes. Figure 16 d shows that N 2 (A) is predominantly generated from N 2 (B) via the process

649 N 2 (A) + N 2 (A) -→ N 2 (C) + N 2 ( 
N 2 (B) + N 2 -→ N 2 (A) + N 2 , (11) 
while direct excitation of nitrogen molecules by electron collisions plays only a minor role. The modelling results also confirm that N 2 (A) is efficiently quenched by collisions with N 2 O, where the reaction (10) represents the dominant loss process for N 2 (A). Due to this fast quenching process, no significant amount of metastable nitrogen is present in between the active APTD phases as soon as elevated amounts of N 2 O are mixed to N 2 . For virtually pure N 2 or very low N 2 O admixtures, however, the larger concentration of N 2 (A) remains between individual discharges, which means that a significant N 2 (C) density is also generated in between the active APTD phases by the pooling reaction [START_REF] Müller | On various kinds of dielectric barrier discharges[END_REF]. This explains the emission in the gap during the complete HV period for virtually pure N 2 , see e.g. Figs. 6 and 14 a.

In conclusion, the addition of N 2 O to the nitrogen oxygen gas mixture, on the one hand, reduces the amount of metastable nitrogen, which is an important factor for transition to the APTD regime via secondary electron emission or the generation of excited nitrogen atoms via reaction [START_REF] Massines | System-901 atic investigation of the barrier discharge operation 902 in helium, nitrogen, and mixtures: discharge develop-903 ment, formation and decay of surface charges[END_REF]. On the other hand, higher amounts of N 2 O also provide an additional source of atomic oxygen and atomic nitrogen via reactions (8) and (10), respectively. This could also be the reason for the ability to generate a diffuse APTD up to 5 vol% N 2 O in N 2 , which was found in the experimental study. The reported intermediate occurrence of a filament could therefore be connected to a depletion of atomic oxygen and atomic nitrogen species. This is mostly also the reason for the more-frequent occurrence of filaments for 1 vol% N 2 O in N 2 compared to virtually pure N 2 (see Fig. 7). Furthermore, dissociative attachment of electrons to N 2 O becomes dominant at higher N 2 O concentrations [START_REF] Höft | Impact of N2O admixture on the characteristics of pulsed dielectric barrier discharges in N2 at atmospheric pressure[END_REF][START_REF] Chaney | Electron attachment 1037 to N2[END_REF] and the loss of electrons is compensated by the filamentary discharges, which then "feeds" the insufficient O and N( 2 P) densities to continue the APTD mode in the subsequent HV half cycle. Possible mechanisms of N and O depletion include the sticking of these species at the wall and the loss due to the gas flow. The loss due to the gas expansion related to heating of the discharge is not expected to play a major role for the low-current APTD under consideration.
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 21 ment and gas compositions to test if the APTD mode can also be generated in such a single-filament configuration. Furthermore, the transition to a filamentary operation is of high interest for understanding underlying mechanisms and eventually the evaluation of potential applications. The focus of the experimental analysis lies therefore on fast optical diagnostics (ICCD and streak camera) to identify the occurrence of APTDs and track their faint emission. These methods were accompanied by fast electrical measurements. For the identification of the mechanisms responsible for the transition to a diffuse APTD mode a time-dependent 1D fluid model was applied, investigating especially the role of metastable N 2 (A 3 Σ + u ), atomic oxygen, and atomic nitrogen on the volume memory effect. 2 Experimental set-up and model description Discharge arrangement and diagnostics

Fig. 1 Fig. 2

 12 Fig. 1 Scheme of the experimental setup

Fig. 3

 3 Fig. 3 Discharge morphology of a sine-operated DBD with 12.6 kVpp at 10 kHz and 1 vol% N2O in N2. The surface of the half-spherical electrodes is indicated by white lines (A ... Anode, C ... Cathode). The left electrode is powered (A in pos. half cycle), the right electrode is grounded (A in neg. half cycle). Accumulation of 1000 HV cycles with an ICCD gate of 10 µs at the time of maximum emission (top row) and corresponding single shots with maximal gain of the ICCD (bottom row, i.e. intensity only row-wise comparable). The intensity is displayed in pseudo-colour with linear scaling

Fig. 4

 4 Fig. 4 Discharge morphology at the maximum emission time window (10 µs ICCD gate width corresponding to phase position (II) for the left column and (VII) for the right column (see Fig.6)) for different gas mixtures at 12.6 kVpp. Each image is the result of 1000 accumulations. The intensity is colour-coded with a logarithmic scaling (comparable for all cases here)

Fig. 5

 5 Fig.5Axial intensity profiles along the gap axis in dependence on the gas composition at 12.6 kVpp for both the positive and negative half cycle. The positions of (momentary) anode and cathode surfaces are indicated by grey dashed lines

235

  are almost symmetrical. Minor differences could be 236 explained by slight anomalies in the electrode geometry 237 (e.g. the shape of the dielectric). The re-increase of the 238 signal on the momentary cathode (right of 1.0 mm or 239 left of 0 mm, respectively) is most likely caused by a 240 reflection of light at the cathode surface. 241 To track the temporal development of the diffuse 242 DBD, 1000 accumulations with an ICCD gate width 243 of 10 µs were recorded phase-resolved over a complete 244 HV period, shown exemplarily for virtually pure N 2 245 in Fig. 6 (see corresponding numbers (I) to (X)). In 246 the top row of Fig. 6, the applied HV waveform and 247 the total current are shown (averaged over 1000 peri-ods).

Fig. 6

 6 Fig. 6 Discharge development of a sinusoidal-operated DBD at 12.6 kVpp in virtually pure N2. The top diagram shows the measured voltage waveform and the corresponding total current (averaged over 1000 HV periods). Phase-resolved ICCD images over the full period (1000 accumulations per image), as indicated by (I) to (X), are given in the bottom part of each sub-figure. The intensity is colour-coded with a logarithmic scaling and maximal intensity value of 32000 counts

307 3 . 2 Fig. 7 ,

 327 Fig.7, where 50 periods of the applied HV waveforms 315

Fig. 7 N 2

 72 Fig.7Applied voltage waveform (top row, 14 kVpp) and corresponding measured currents for virtually pure N2 (middle row) and 1 vol% N2O in N2 (bottom row) over 50 periods showing the periodical occurrence of filamentary discharges identifiable by distinct (in this case negative) current peaks

Fig. 8 Fig. 9

 89 Fig. 8 Discharge development of a sinusoidal-operated single DBD at 14.0 kVpp in virtually pure N2 a and with 1 vol% admixture of N2O in N2 b. The top diagram shows the measured voltage waveform and the corresponding total current (averaged over 1000 HV periods). Phase-resolved ICCD images over the full period (1000 accumulations per image), as indicated by (I) to (X), are given in the bottom part of each sub-figure. The intensity is colour-coded with a logarithmic scaling and maximal intensity value of 32000 counts

Fig. 10

 10 Fig. 10 Discharge current for the filamentary case as a function of the N2O concentration for 14 kVpp. The results are averaged over 1000 individual filaments (triggered on the current, i.e. not synchronised with the applied HV). Single shots of the current (not shown) feature a very similar pulse shape

2 Fig. 12

 212 Fig.12ICCD images (left) and streak recordings (right) of filaments in a pure N2, b N2 with 1 vol% N2O, and c N2 with 2 vol% N2O. While the ICCD images are for an individual discharge event (10 µs ICCD gate width, maximal ICCD gain), the streak images are compiled of 300 microdischarges, using the jitter correction function of the streak camera software[START_REF] Brandenburg | Novel insights into the development of barrier discharges by advanced volume and surface diagnostics[END_REF]. The intensity is in pseudocolour, for the ICCD images with a linear and for the streak images with a logarithmic scaling

Fig. 13 N 2 O

 132 Fig. 13 Voltage curves and streak images (single shots and 100 accumulations) over the full cycle of discharges operated with 14.0 kVpp in pure N2. Top: cycles with hybrid mode (filament and APTD); middle: APTD mode in both half cycles; bottom: voltage curves. The high voltage is applied to the top electrode and the values of discharge inception for both cases are marked. The intensity is colour-coded with logarithmic scaling with respect to the maximum in the top left image

534 3 . 3

 33 Fluid modelling results and discussion 535 Analysis and interpretation of the measured data are 536 supported by numerical simulations using the 1D fluid-537 Poisson model described in Sect. 2.2. Model calculations 538 were performed for the experimental condition using a 539 voltage of 12.6 kV pp and a gas mixture of 0.1 vol% N 2 O 540 in N 2 (assuming an O 2 impurity of 30 ppm). For these 541

Fig. 14

 14 Fig.14Temporally resolved emission profiles derived from the spatial average over the discharge gap in the streak images (14.0 kVpp). a Profiles for APTD cycles with different gas compositions; b profiles from hybrid cycles with a filament in the negative half cycle compared with the APTD cycles in pure N2; c same as (b), but for 2 vol% N2O in N2

Fig. 15

 15 Fig. 15 Modelling results for a sinusoidal-operated DBD with 12.6 kVpp at 10 kHz and 0.1 vol% N2O in N2 showing the initial transition from filamentary to APTD regime. a applied voltage, gap voltage, current density; b spatially averaged density of electrons and N2(C) molecules; c, d spatially averaged rates of dominant gain (solid lines) and loss (dashed lines) processes for electrons and N2(C) molecules

Figure 15 b 3 )

 153 Figure 15 b shows the temporal development of the spatially averaged electron density and N 2 (C) densityduring the mode transition. It can be clearly seen that these densities increase more rapidly to a much higher maximum value during the initial filamentary discharges and decrease more rapidly compared to the APTD phase. Note that the N 2 (C) state is responsible for the major part of the emission, more precisely its electronic transitionN 2 (C) -→ N 2 (B) + hν,(1)which is the so-called second positive system of N 2[START_REF] Bílek | Atmospheric pressure townsend discharge in pure nitrogen -a test case for N2(A 3 Σ + u , v) kinetics under low E/N conditions[END_REF],i.e. the temporal evolution of the N 2 (C) density corresponds to the temporal development of the emission in the gap. Comparing the N 2 (C) density development from Fig. 15 b with the measured emission profile for 0.1 vol% N 2 O concentration in Fig. 14 a shows a fair qualitative agreement. Since N 2 (C) is mainly produced by direct excitation of N 2 in collisions with electrons:N 2 + e -→ N 2 (C) + e,(2)the electron density profile during the active APTD phase features a similar shape as the N 2 (C) profile. However, the maximum of the electron density is located in between active diffuse discharge phases and corresponds to the zero crossing of the gap voltage, see Fig. 15 a. Therefore, it is directly connected to the polarity change of the discharge current and the related current jump observed in APTD [21]. At this instant, a reversal of the electric field in front of the momentary anode just before the polarity change of the gap voltage induces the transport of electrons towards the plasma bulk region, i.e. an ionisation front is moving from the momentary anode towards the momentary cathode. Figure 15 c shows that the ionisation during this time range and the resulting characteristic peak of the electron density is caused by the associative ionisation reaction

N 2 O

 2 Fig. 16 Spatially averaged densities a and dominant gain/loss rates (b-d) of N( 2 P), O and N2(A) for the conditions of previous figures. Transition from filamentary to APTD regime occurs after 300 µs
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Table 1

 1 Heavy particle species considered in the reaction kinetic model. Species denoted with '*' represent lumped excited states at the given kinetic energy

	Neutrals in ground state
	O, O2, O3
	N, N2
	NO, NO2, NO3
	N2O, N2O5
	Neutrals in vibrationally excited state at level ν

  5) 650 plays only a minor role. The major loss of N 2 (C) is due 651 to the collisional quenching process 652N 2 (C) + N 2 -→ N 2 (a) + N 2 , (6)653and partly by the spontaneous transition of N 2 (C) to 654 N 2 (B) (reaction (2)), which is responsible for the major 655 part of the optical emission.

	656

In the following, all excited species are written in abbreviated form to improve readability, e.g. N2(A 3 Σ + u ) goes as N2(A).

Unfortunately, it was also for 14 kVpp applied HV not possible to properly measure the discharge current during the APTD phase due to the still too low current amplitude.
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