RECENT ADVANCES IN THE UNDERSTANDING OF HOMOGENEOUS DIELECTRIC BARRIER DISCHARGES

This paper is a state of the art of the understanding on the physics of homogeneous dielectric barrier discharge at atmospheric pressure. It is based on the analysis of present and previous work about the behavior of these discharges and the conditions to get them. Mechanisms controlling the homogeneity during gas breakdown and discharge development are successively discussed. The breakdown has to be a Townsend one, the ionization has to be slow enough to avoid a large avalanche development. During the breakdown, the discharge homogeneity is related to the ratio of the secondary emission at the cathode (γ coefficient) on the ionization in the gas bulk (α coefficient). Higher is this ratio, higher is the pressure × gas gap product (P.d.) value for which a Townsend breakdown is obtained. Among the phenomena enhancing the secondary emission there is the negative charge of the dielectric on the cathode surface, the trapping of ions in the gas and the existence of excited state having a long lifetime compared to the time between two consecutive discharges. The first phenomenon is always present when the electrodes are covered by a solid dielectric, the second one is related to the formation of a positive column and the third one is specific of the gas. During the discharge development, the homogeneity is mainly controlled by the voltage or the current imposed by the electrical circuit /electrode configuration and to the gas ability to be slowly ionized. Larger is the contribution of a multiple step ionization process like Penning ionization, higher will be the working domain of the discharge. A decrease of the gas voltage during the discharge development is a solution to enhance the contribution of this process. After 20 years of research a lot of mechanisms have been understood however there is still open questions like the nature of the Inhibited homogeneous DBD, surface energy transfers, role of attachment and detachment…

INTRODUCTION

Dielectric barrier discharge (DBD) is an easy and robust solution to generate low temperature discharge at atmospheric pressure [1]. This discharge has a lot of applications since more than one century [2]. Its configuration uses dielectric barriers to maintain current densities below the threshold for glow-to-arc transition. The dielectrics trap charges on the surfaces during a pulse which in turn generate a self-induced field in the gas gap that inhibits the discharge before the current density exceed the threshold.

It was long thought that for gas gap in the millimetric range or larger, DBD only occurs in a "filamentary" mode, comprising many short (<100 ns), narrow (<200 µm) current filaments, in general randomly distributed in time and space over the dielectric surface. Even if several authors [3,4] reported that ac discharges in helium can also manifest a pulseless "glow", in which the atmospheric-pressure discharge assumes a diffuse, non-filamentary appearance, it is the work of Okazaki and their collaborators since 1987 [5] which has been at the origin of a real investigation of homogeneous DBD. Okazaki, Kogoma et al. studied a lot of different reactor configurations [5,[START_REF] Okazaki | Proc. of the 3 rd Int. Symp. High Pressure Low Temperature Plasma Chemistry[END_REF][START_REF] Kanda | Proc. of the 10 th Int. Symp. On Plasma Chemistry[END_REF][START_REF] Okazaki | [END_REF] to extend the gases panel leading to homogeneous DBD which at first was limited to helium. They also have shown the interest of these discharges for gas and surface chemistry. In parallel, since 1992 in France, Massines, Ségur and their collaborators [START_REF] Messaoudi | Proc. of the 10 th Int. Conf. Gas Disch. And App[END_REF] have focused on the understanding of these discharges physics mainly in He [START_REF] Massines | Proc. of the 10 th Int. Conf. Gas Disch. And App[END_REF][START_REF] Massines | [END_REF]12] and N 2 [13,14,15] and their application to polymer surface treatments [16,17] and thin film coatings [18,19,20]. At the same time in United States, Roth and collaborators have worked on all the possible applications [21,22,23,24] including sterilisation [25,26] and gas flow control [27,28].

These three teams generated a confusing list of names for homogeneous DBD: Okazaki and Kogoma * Electronic address: francoise.massines@univ-perp.fr always used Atmospheric Pressure Glow Discharge (APGD) because in He, the gas they studied at first, the glow of the homogeneous DBD is significantly larger than that of a filamentary DBD. Roth chose One Atmosphere Uniform Glow Discharge Plasma (OAUGDP) to be more descriptive and Massines suggested that the name of these pulsed discharges should give an indication about the highest ionisation level they can reach (as detailed later) defining Glow DBD (GDBD or APGD) and Townsend DBD (TDBD or APTD).

When the scientific community has been convinced of the homogeneous DBD robustness, more and more teams, often driven by applications, have begun to work on these discharges. Consequently, over the last decade, these discharges have been intensively studied, finding new configurations which help the discharge stabilisation [29,30,31], increasing our knowledge on the discharge physics and chemistry [32,33,34,35,36,[START_REF] Madani | Proc. of the 8 th Int. Symp. High Pressure Low Temperature Plasma Chemistry (Hakone VIII)[END_REF][START_REF] Radu | [END_REF]39,40,41,42,43,44,45,46], and showing the advantage of high (atmospheric) pressure operation with (i) high degree of discharge uniformity over cm length scales and (ii) thermal and chemical non-equilibrium. Numerous new applications including thin film deposition [18,19,20,21,47,48,49,50,51,52,53,54,55,56,57,58,59], bio-decontamination [26,60,61,62,63,64,65], and aerodynamic flow control [28,66,[START_REF] Seraudie | Proc. of the 3 rd AIAA Flow Control Conference[END_REF][START_REF] Boeuf | [END_REF] have been demonstrated.

The creativity in the field of homogeneous DBD is large and as the aim of this paper is the understanding of these complex discharges and not their applications, we will mainly focus on the simplest configuration: 2 plane parallel electrodes, a low frequency excitation allowing only one breakdown each half cycle and a gas gap large enough to get filamentary discharges. The gas gap, d, is important because it is not only the pressure, P, but the product (P.d) which determines the ionisation mechanisms: the ratio of electron emission at the cathode over the ionisation in the gas bulk is determined by the ratio of the electron mean free path over the gas gap. More precisely, for low p.d product value, typically lower than 30 Torr.cm, the breakdown is a Townsend breakdown defined by the γ emission of electron at the cathode and the gas bulk ionisation defined by the effective ionisation coefficient (α). The time scale of this breakdown is in the range of µs and the discharge area is equal to that of the electrodes. For high p.d values (p.d > 200 Torr.cm) breakdown is a streamer one due to the formation of one electronic avalanche large enough to create a sufficient amount of ions (~10 8 ) to get a space charge field of the order of magnitude of the applied field. If this condition is fulfilled, breakdown can occur without a significant contribution of the cathode surface and the transition from Townsend to streamer breakdown occurs: the positive space charge induces a localization of the electric field which accelerates the electrons created between the cathode and the positive space charge by photo-ionisation or photo-emission. The time scale of this breakdown mechanism is in the range of nanoseconds and in a DBD, when the streamer has connected the two electrodes, a micro-discharge having a radius of typically one or two hundred of µm develops.

DBD can be separated in two groups: those due to a streamer breakdown and those due to a Townsend breakdown. The first one usually leads to a filamentary discharge while the second one leads to a homogeneous discharge. However, the connection between the breakdown mechanism and the discharge homogeneity is not fully satisfied: when the density of seed electrons increases, the density of large size avalanches also increases, inducing avalanches interactions, streamer coupling and more or less homogeneous discharges. This needs a preionisation process like photo-ionisation, and these discharges are only stable under nanosecond excitation which ensures the simultaneous development of the first avalanches. Thus we will not discuss these specific discharges.

Before going into the physics of the discharge, we have to define the homogeneous DBD. Most of the times, the different studies are driven by teams previously working on atmospheric pressure thermal plasmas or on low-pressure non-equilibrium plasmas that have converged in the field of nonequilibrium atmospheric pressure discharges. Under the influence of Okazaki's work, they usually consider that a glow discharge is an homogeneous discharge but they defined the glow discharge according to their own experience: for those who come from the thermal plasmas, an atmospheric pressure glow discharge is a discharge not so conductive as an arc i.e. characterised by a relatively low current under high voltage; for those having a low-pressure plasma background, a glow discharge means a high current under low voltage discharge having a specific structure from the cathode to the anode including cathode fall, Faraday dark space and positive column. Thus, the approach to try to get the APGD will be different in the two cases: the first ones will try to limit the current, the second ones to get a Townsend breakdown similar to low-pressure plasma. However, for all of us a homogeneous DBD is free of streamer and micro-discharge.

At the end, the two approaches are necessary to get a stable homogeneous DBD. The mechanisms leading to a reliable homogenous DBD can be separated in those controlling the breakdown and those controlling the discharge development. The first condition is to get a Townsend breakdown, the second one to limit the discharge development in order to avoid an ionisation level that would be too high. To fulfill the first condition, the "γ emission" has to be enhanced compared to the "α ionization". As for the second condition, the rise and the amplitude of the current have to be limited i.e. the power supply and the electrode configuration has to be designed to slow down the ionisation. Before detailing our understanding of these issues, we will discuss the different homogeneous DBD regimes and highlight the memory effect from one discharge to the next and the consequence it has on the breakdown conditions. To be out of equilibrium, the DBD is an inherently pulsed discharge and each discharge can be considered as a direct current discharge only related to the others by the memory effect from one discharge to the following one. The discharge regime is then determined by the maximum ionisation rate reached by each discharge. Figure 1 compares different voltage-current characteristics obtained during the current increase of one discharge pulse in different gases. Conditions leading to these discharges are described in [5] for He, [START_REF] Gherardi | Proc. of the 16 th International Symposium on Plasma Chemistry, (ISPC 16)[END_REF][START_REF] Massines | [END_REF] for Ar-NH 3 , [13] for N 2 and [START_REF] Okazaki | [END_REF][START_REF] Naudé | Proc. of the 18 th International Symposium on Plasma Chemistry (ISPC 18)[END_REF] for air.

THE DIFFERENT HOMOGENEOUS DBD

Before breakdown, the current is related to the memory effect which can be considered as an external source of electrons. During the current increase induced by the gas breakdown, first the voltage continues to increase, and then it stabilizes to the Townsend plateau value. If a positive column is
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Electron density maximum (cm -3 ) 10 7 -10 Some W/cm 3 Some 0.1W/cm 3 Solutions to observe micro-discharge Current (Cf Fig. 3), optical method Photomultiplier, ICCD formed, the voltage decreases while the current continues to increase [START_REF] Yu | Gas Discharge Physics[END_REF]. This is the case for He and Ar+NH 3 but not in N 2 and air. Thus the homogeneous discharge in He and Ar+NH 3 are usually APGD but the homogeneous DBD in N 2 and air are not usually APGD. The discharge stops before reaching the ionisation level necessary to localize the cathode fall. As the voltage reaches the Townsend plateau value, the homogeneous discharge in N 2 or in air has been considered as a Townsend DBD or APTD. Differences between APTD and APGD are summarized in table 1. One of them is that the APGD is a discharge which does not generate an electrically neutral ionized gas like a positive column. In the APTD the maximum electron density is 3 orders of magnitude lower and the mean power dissipated is typically one order of magnitude larger than in the APGD. Indeed, in a pulsed discharge, the power is determined by the maximum energy but also by the pulse duration: when the current is lower the pulse duration is usually longer and the power does not significantly change.

Another family of homogeneous discharge has been obtained adding specific component to the set-up like a resistive layer on the electrode [29] or a choke coil in series with the discharge working in the saturation regime [31]. The choke coil prevents the fast current increases and the resistive material induces a local decrease of the gas voltage proportional to the local current. Up to our knowledge, there is no information available about the physics of these discharge and the densities of their main species. To reach a better understanding, a fluid model of a He-N 2 APGD has been developed and the influence of a resistor in series with the electrodes has been studied. As shown in Figure 2, as the resistance value increases, the ion density decreases, the positive column disappears. However, due to the resistor the electrical field decreases when the current increases, then even if there is no positive column, the discharge is not a Townsend discharge (which should be obtained under a higher voltage than the glow one). It is a discharge mainly controlled by different ionization processes as proved by the larger contribution of N 2 + compared to He + or He 2 + . The decrease of the voltage enhances the contribution of ionization process occurring under low field compared to those needing a larger field. This discharge is neither an APTD nor a real APGD, at this stage we propose Inhibited APGD. Another approach to get a homogeneous DBD consists in inserting a metallic mesh between the dielectric and the electrode [START_REF] Okazaki | [END_REF]32,[START_REF] Tepper | Proc. Of Hakone VI[END_REF][START_REF] Tepper | Proc. of the XIV Int. Conf. on Gas Discharges and their Applications[END_REF][START_REF] Wang | [END_REF][START_REF] Naudé | Proc. of the 18 th International Symposium on Plasma Chemistry (ISPC 18)[END_REF]. Lindmayer et al. suspected an influence of partial discharges occurring around the mesh [START_REF] Tepper | Proc. Of Hakone VI[END_REF][START_REF] Tepper | Proc. of the XIV Int. Conf. on Gas Discharges and their Applications[END_REF]. Trunec et al. thought about a resistive behavior of the metallic mesh [32]. Our experience shows that an important point is the epoxy resin which is used to fix the mesh. Indeed, similar results have been obtained without the mesh, by sticking the electrode directly on the dielectric with the resin, which is an insulating material [START_REF] Naudé | Proc. of the 18 th International Symposium on Plasma Chemistry (ISPC 18)[END_REF]. In that case, the discharge obtained in air has the same behavior as in N 2 .

In conclusion, the physics of APGD and APTD is now well understood that of inhibited homogeneous DBD are still misunderstood. 

MEMORY EFFECT EVIDENCES

As illustrated in figure 3, whatever the conditions, the role of the memory effect is pointed out by the evolution of the first discharges after ignition: the first two discharges are different from the following ones showing that one DBD pulse depends on the previous one and that some discharges are necessary to reach the equilibrium.

In the case of the Townsend DBD in N 2 , there is no doubt about the interpretation of the current measurements: the first discharge is filamentary, the second one is a mix of a Townsend discharge and micro-discharges and the third one is fully a Townsend one. Note that the current of the APTD is low (even for a 10cm 2 electrode) compared to that of a streamer. Therefore, in the APTD case, without any current limitation, the current measurements are sufficient to determine if there are micro-discharges or not (Cf. table 1). In the case of noble gases (figure 3b), homogeneous DBD reaches higher ionisation level and then higher current amplitude which are of the same order of magnitude or even larger than microdischarge ones. Consequently, the analysis of the current measurement is delicate. Nevertheless, to exhibit a reproducible glow current, the discharge needs several half cycles. If a current limitation is added (Figure 3c) no micro-discharge can be observed but there is a clear evolution from the first to the third current peak. Very similar behaviour has been observed [31] in Ar by adding a choke coil in series with the discharge and using specific dielectrics. However, as shown in figure 4, in Argon, a large current pulse is not a proof of the absence of discharge localisation and/or the presence of microdischarges mixed with the APGD [START_REF] Gherardi | Proc. of the 16 th International Symposium on Plasma Chemistry, (ISPC 16)[END_REF][START_REF] Massines | [END_REF]76]. At this stage, the important point is that whatever the discharge regime and the power supply characteristics, there is a clear evolution of the current discharge over the 3 first half cycles and, at least when the current is not limited by the power supply, the memory effect is necessary to get a stable and homogeneous DBD. Note that this evolution is very large compared to that observed at the 10s or minute time scale [START_REF] Decomps | Proc. of the 23 rd Int. Conf. on Phenomena in Ionized Gases (XXIII ICPIG)[END_REF][START_REF] Naudé | Proc. Of the 9 th International Symposium on High Pressure Low Temperature Plasma Chemistry (Hakone IX)[END_REF][START_REF] Shin | [END_REF] which have been attributed to the variation of the energy stoked in the gas and at the surface [START_REF] Decomps | Proc. of the 23 rd Int. Conf. on Phenomena in Ionized Gases (XXIII ICPIG)[END_REF], to the variation of the secondary emission coefficient of the cathode related to the surface transformations due to discharge interaction [START_REF] Shin | [END_REF] or to the temperature increase. Memory effect has to be based on species created during one discharge and still present when the next breakdown occurs. Obviously, these species largely influence the breakdown and then the transition between streamer and Townsend breakdown defined by the relative contribution of the surface γ emission of electron and the gas bulk α ionisation. After the breakdown, the flux of ions becomes dominant whatever the discharge regime but before the breakdown, energetic species created during the previous discharge and trapped in the gas can play a dominant role allowing a slow ionisation under a too low field to form a large electronic avalanche. In the following part, we will discuss the memory effect mechanisms which are now understood showing how they influence the breakdown and mainly the secondary emission of electrons previous and during the breakdown.

MEMORY EFFECT AND CATHODE SECONDARY ELECTRON EMISSION ENHANCEMENT

Cathode secondary emission depends on the γ secondary emission coefficient of the surface and on the flux of energetic species reaching the cathode surface. These species can be ions, excited states and photons. Emission spectroscopy has shown that photon emission is very low at the first step of the breakdown. Thus, we will focus on "memory" ions and long lived states created during one discharge and still present when the next breakdown occurs. The influence of the memory effect on the secondary emission coefficient of the surface and on the ions and long lived state species will be successively discussed. Then after a synthesis, other mechanisms still under investigations will be presented.

Surface charge and secondary emission coefficient

Knowing the γ secondary emission coefficient of a dielectric is not trivial because it depends on the surface charge. In a DBD under alternative excitation, the surface which is on the cathode side during the current increase was on the anode side during the previous discharge: hence it has been charged by an electron flux. These electrons, which are trapped on the dielectric shallow traps, are easier to remove than the intrinsic ones. The deepness of shallow traps is typically 1-2 eV from the void level [80] while the valence band is at 6-8 eV. Therefore, this trapping increases the γ value at the beginning of the discharge and could explain why the nature of the dielectric does not play a dominant role (except for the first discharges when the memory effect is not yet established [31]) and why a dielectric on each electrode helps to stabilize the discharge [START_REF] Massines | [END_REF]. This contribution is proportional to the charge of the solid dielectric. During the current increase, γ gradually decreases because of the progressive surface charge neutralization of the cathode. Synchronization between the neutralization of this memory charge of the cathode surface and the current maximum is often observed. A possible explanation is that when γ decreases, if α does not increase then the current decreases in good agreement with the reduction of the ionisation. This phenomenon also explains why the voltage necessary to get the same current level is higher during the APTD extinction than during its development (current increase) [START_REF] Massines | [END_REF]. If the principle is clear experiments are necessary to be able to quantify these effects of surface charge on the γ coefficient and a deeper study of emission mechanism and discharge-surface energy transfers is also necessary.

Positive column and "Memory" ions

Previous studies have shown that it is possible to trap ions from a discharge to the following one [28].

To do so, one needs a neutral plasma zone like the positive column in an APGD and a high enough excitation frequency [START_REF] Massines | [END_REF]. The electric field and the ions velocity are low in a positive column. Moreover, due to the ambipolar diffusion, the positive column disappearance in between two discharges is slow and ions can still be present when the next breakdown occurs. This is illustrated in figure 5. According to numerical modelling [START_REF] Massines | [END_REF], when the breakdown occurs, the ions density close to the cathode is 10 9 /cm 3 and their flux at the cathode is around 8.10 13 /cm 2 .s allowing a significant emission of electrons from the cathode and then the development of a lot of small electronic avalanches under low field and a Townsend breakdown.

Of course ions density decreases with time and such a mechanism is not efficient if the excitation frequency decreases too much (typically <1 kHz). In an APTD, there is no positive column and ions drift to the cathode at a time scale of µs: they cannot be involved in the memory effect. This is confirmed by the stability of the discharge under low excitation frequency. In conclusion, if a positive column (or neutral plasma) is formed during the discharge development and if the time between two consecutive discharges is not too long, ions created during one discharge induce secondary emission of electrons from the cathode, previous and during the next breakdown.

Gas properties and "Memory" long live state species

The energy required to remove an electron from a shallow trap is about 2eV which is low in comparison with that of most of the long live state species. Then, these species can actively participate to the cathode secondary emission as far as their flux to the surface is large enough. The lifetime of noble gases metastables is rather short (µs range) because of the dimmer formation [33]. Consequently in noble gases, the contribution of "memory" long live state species is negligible. However in other gases some metastable states does not react with the gas in its fundamental level and even at atmospheric pressure their life time can be long compareed to the time between two discharges. As example, in N 2 , measurements of the absolute density of N 2 (A 3 Σ u + ) metastable have been done by optical-optical double resonance-LIF (OODR-LIF) [82]. Densities as high as 10 13 /cm 3 are detected and the experimental quenching rate in N 2 is 2.4 10 4 /s. This long-lived state then represents a reservoir of energy (potential energy of 6.3 eV) that can be released in numerous reactions producing electrons. Initially [83] a volume Penning ionisation involving the two metastables N 2 (A 3 Σ u + ) and N 2 (a' 1 Σ u -), and producing N 4

+ + e, was guessed, but later excluded in the post-discharge on the basis of the too efficient quenching of N 2 (a' 1 Σ u -) in nitrogen [36]. This was verified by adding Xe to N 2 : indeed Xe efficiently quenches N 2 (a' 1 Σ u -) but not N 2 (A 3 Σ u + ). Thus, if Penning ionisation plays a dominant role, the addition of Xe in N 2 should destabilize the discharge. However, it was observed to have no significant effect on the APTD behaviour. Even if Penning ionisation contributes to the gas ionisation at the first stages of the discharge initiation, this mechanism becomes negligible very quickly after the breakdown because of the rapid variation of the first Townsend coefficient of N 2 with the electric field. So the strong structural similarity with a Townsend discharge suggests to bring into play surface effects at the cathode acting as a source of secondary electrons. Spontaneous electron desorption was proposed in [84] leading to a continuous emission of electrons from the cathode. Later, this explanation was excluded because the discharge should work when a N 2 (A 3 Σ u + ) quencher like NH 3 or O 2 is added [START_REF] Khamphan | Proc. of the 16 th International Symposium on Plasma Chemistry[END_REF]. Then, secondary electron emission by N 2 (A 3 Σ u + ) impact on the dielectric surface was considered. The discharge being a Townsend discharge, metastables are mainly created near the anode and continuously diffuse to the surface. After the end of the discharge, when the gas voltage polarity reverses, i.e. when the dielectric which was on the anode side becomes on the cathode side, the metastable flux onto the cathode is rather large: ~5.10 14 /cm 2 .s [START_REF] Khamphan | Proc. of the 16 th International Symposium on Plasma Chemistry[END_REF]. As metastables induce secondary emission [START_REF] Little | Secondary effects in: Electron Emission gas discharges I -volume XXI, Encyclopedia of physics[END_REF][START_REF] Bosan | [END_REF], this mechanism can continuously produce electrons between two discharges.

Synthesis and possible role of electron attachment and detachment

According to all these results, memory effects allowing to increase the contribution of the secondary emission previous and during the first step of the breakdown can be separated in (i) those always present as soon as the electrode is covered by a dielectric layer which is the surface charge leading to an increase of the γ coefficient of the surface, (ii) those related to the formation of a positive column or neutral plasma in which ions can be trapped from one discharge to the following one as far as the numerical modelling [81] excitation frequency is high enough, (iii) those depending on the gas properties, namely the existence of an excited state having, at atmospheric pressure, a long lifetime compared to the time between two discharges. These mechanisms explain the electron current observed between two discharges due to the continuous creation of electrons by secondary emission. They ensure a slow breakdown under a low electrical field and hence a Townsend breakdown.

However, the role of memory effect is still not fully understood, as example we are not able to explain why a Townsend breakdown and a Townsend DBD are obtained in pure N 2 O. One point that should be emphasised is that, according to numerical modelling, in a case where APTD has been largely studied (N 2 ), the three scenarios: Penning ionisation occurring between two discharges [83], spontaneous electron emission [84], and electrons emission induced by N 2 (A 3 Σ u + ) [START_REF] Khamphan | Proc. of the 16 th International Symposium on Plasma Chemistry[END_REF] taken individually reproduce the experimental results observed in N 2 . Whatever the mechanism, this tends to show that the key point in obtaining a homogeneous discharge is the generation of electrons between two discharges. The role of N 2 (A 3 Σ u + ) is confirmed by showing that a small adding of quenchers like O 2 or NH 3 considerably limits the minimum frequency under which the APTD occurs. Surprisingly, even if N 2 O is a more efficient quencher of N 2 (A 3 Σ u + ) than O 2 , it can be added to N 2 with no destabilisation of the discharge [START_REF] Gherardi | Proc. of the 10 th Int. Symp. on High Pressure Low Temp. Plasma Chemistry[END_REF]. A possible explanation is the role of electrons attachment and detachment which have not been really considered up to now because of the low density of electrons in an APTD [44]. However, there is a possibility of attachment enhancement because the electrons which are continuously created (through one of the previously considered mechanisms) accumulate when the electric field is very low. Thus, according to the numerical modelling [START_REF] Ségur | Proc. of the 12 th Int. Conf. on Gas Discharge and their Appl[END_REF], the maximum density of electrons is about 7.10 7 /cm 3 during the discharge and about 3.10 8 /cm 3 when the electric field polarity is reversed. At this instant, the attachment probability is high (low electric field) and the detachment can occur later (when the electric field increases again). If the detachment occurs for an electric field lower than the one needed for the direct ionisation, this mechanism could create electrons under low field, allowing a slow ionisation. Work is still under progress to check this hypothesis and the possible contribution of electron attachment and detachment to the Townsend breakdown.

GAS IONISATION SLOWDOWN

The previous part explains why (i) a dielectric layer on each electrode is better to get a diffuse DBD, (ii) the excitation frequency influences the stability of an APGD (iii) the gas purity has to be high enough to get an APTD but not why a Penning mixture is necessary to get an APTD and how the electrical circuit can influence the discharge stability. The experimental parameters discussed up to now are related to the enhancement of γ emission, those we will discuss now are related to the gas ionisation slowdown, condition to avoid a large electronic avalanche and thus a streamer and a microdischarge.

Penning ionisation

A Townsend breakdown is associated to a slower and lower ionisation of the gas than for a streamer breakdown. There is two solutions to slowdown the ionisation at the discharge ignition: (i) the enhancement of the two steps process ionisation (ii) the reduction of the voltage breakdown value.

Among two steps ionisation processes, Penning ionisation is the more common. In a Penning mixture of M with a small concentration of A, the direct ionisation: e+M M + + 2e is in competition with the Penning ionisation: e+M M*+e followed by M*+A A + +e+M. Penning ionisation pushes back the probability of making a large electronic avalanche and a streamer, because ionisation due to a two steps process is slower than a direct ionisation. Moreover, the energy needed to create the metastable state M* is lower than that needed to directly create the ion. As example, in He the ionisation threshold is 24.6eV while that for He* is 19,8eV. Then, this process allows ionisation for a field lower than the breakdown voltage. This slow ionisation process promotes Townsend breakdown because the created ions have time to reach the cathode and then to induce secondary emission through bombardment before the ionisation level is high enough to localise the field. This is particularly true for He and Ne, their metastables being able to ionise numerous gases, and in particular atmospheric gases, which are always present as residual gases in discharge vessels. It was also shown that in Ar, the adding of ketone [START_REF] Okazaki | [END_REF] or NH 3 helps to get APGD in conditions for which only localised discharges are obtained in pure Ar [START_REF] Gherardi | Proc. of the 16 th International Symposium on Plasma Chemistry, (ISPC 16)[END_REF], and this under a voltage value down to 50%.

The relative contribution of this mechanism depends on the variation of the ionisation rate with the electric field and on the variation of the electric field with time. The faster these variations, the lower the contribution of Penning ionisation will be. Therefore, this contribution is more important during breakdown when the field is low [START_REF] Ségur | Proc. of the 12 th Int. Conf. on Gas Discharge and their Appl[END_REF]. Nevertheless, experimental conditions can enhance Penning ionisation during the current increase. Indeed, as it can be seen on figure 2, the addition of a resistance in series with a He APGD decrease the electric field when the current increases resulting in an enhancement of the Penning ionisation (represented by N 2 + ions in figure 2) compared to the direct ionisation (represented by He + and He 2 + ions) reducing the ionisation speed and then the probability of making a large electronic avalanche.

Hence, Penning ionisation, because it is a two steps process, contributes to slowdown the gas bulk ionisation. Its contribution is significant under low field, when metastable excited states are preferentially created compared to ions. This is the case before and during breakdown, and during the discharge development when the electrical field is limited by the electrical circuit.

The contribution of Penning ionisation is clear. However other several steps ionisation which have to be pointed out could be involved.

Power supply and electrodes configuration

The power supply and the electrodes configuration (defined by the shape of the electrodes and the materials covering them) fix the current or the voltage applied to the gas after breakdown. For example, in a DBD, the solid dielectric imposes a voltage decrease proportional to the dielectric surface charge [2]. In an APTD, the gas voltage is more or less constant during the discharge and the current is thus fixed and equal to C ds dV a /dt where C ds is the equivalent capacitance of the solid dielectric and V a is the voltage applied to the electrodes [START_REF] Croquesel | Proc. of the 8 th Int. Symp. on High Pressure Low Temp. Plasma Chemistry (Hakone VII)[END_REF]. In particular, the current maximum is independent of the gas characteristics. As shown in figure 6, if this current is too high, microdischarges can develop even after a Townsend breakdown. This has been also observed in Ar [76]. This is explained by the fact that the current fixed by the power supply being too high, the ionisation in the gas has to increase too much and leads to large size electronic avalanches. In the case where the ion density created by the first step of the discharge development is too low (typically ≤10 10 /cm 3 ) to localise the field (like APTD), the space charge is negligible. The field is uniform and a large avalanche can always occur and induce the development of microdischarges.

As described in part 2, the adding of a choke coil [31] or of resistive material [29] increases the working domain of homogeneous DBD. It is interesting to push deeper the analyses of the role of these components. In a DBD, the dielectric is laid-out to avoid the transition from micro-discharge to arc. The coil or the resistive materials have to avoid the transition from the streamer to the micro-discharge or even from large avalanches to streamer by decreasing the gas voltage as soon as or before the ionisation level becomes high enough to localize the field. The time scale for arc transition is in the ms range, the time scale for streamer formation is in the ns range. Then, taking into account that a micro-discharge development is very fast and induces rather high current level, one can imagine that a component decreasing the gas voltage like the integral of the current will react too slowly (case of a capacitor), a resistance reacting proportionally to the current is better and one sensitive to the derivative is the best (case of an inductor). Then, the voltage decrease induced by these components will stop the discharge or enhanced low field ionization mechanism if there is. As shown figure 2 where the resistor in series with the discharge decreases the gas voltage and then increases the contribution of N 2 + due to Penning ionization (He*+N 2 N 2 + + e + He)

CONCLUSION

Homogeneous DBD are atmospheric pressure discharges free of microdischarge. For a given P.d product, they are obtained under low frequency alternative excitation when the experimental conditions allow a Townsend breakdown and when the discharge development is sufficiently slow. Townsend breakdown is a condition to get a stable and reproducible homogeneous discharge. It is obtained if there is enough seed electrons. According to all the results, these seed electrons result from a continuous emission of electrons from the cathode, due to a high γ coefficient ensured by the presence of a dielectric on the cathode and due to a flux of energetic species impinging the surface previous to the breakdown. If a positive column is formed these species can be ions, if the life time of metastable is large enough it can be metastable. Negative ions may also play a role the seed electrons enhancement in the case of electronegative gases. At each step, the amplification in the gas has to be limited to avoid the formation of a large electronic avalanche. This is obtained by the control of the current or voltage increase and by the enhancement of a slow ionisation process like Penning ionisation.

FIGURE 1 .

 1 FIGURE 1. Gas voltage as a function of the current density during the current increase for He APGD ; Ar-NH 3 APGD ; N 2 APTD ; air APTD

FIGURE 2 .

 2 FIGURE 2.Influence of a resistor in series with a He-N 2 APGD: Electric field, electrons and ions distribution from the anode to the cathode when the current is maximum, for R=0 and R=100k Ω (fluid model results)

FIGURE 3 .

 3 FIGURE 3. First discharges in (a) N 2 APTD, (b) He-N 2 APGD (c) He-N 2 APGD with a current limitation. 10 cm 2 electrode area

FIGURE 4 .

 4 FIGURE 4. Current and voltage oscillograms as well as gas gap picture of a discharge in Ar-NH 3 mixtures. Instabilities are clearly observed on the picture but not on the current oscillogram

FIGURE 5 .

 5 FIGURE 5. Space (anode to cathode) and time (one half cycle) distribution of the ions in a APGD in He calculated with a fluidnumerical modelling[81] 

FIGURE 6 .

 6 FIGURE 6.Microdischarges can develop after a Townsend breakdown. Current and gas voltage oscillogram of a N 2 DBD mixing an APTD following a Townsend breakdown and microdischarges developing after the current maximum when the γ coefficient is minimum and the current fixed by the power supply, the electrodes and the solid dielectrics.

TABLE 1 .

 1 Order of magnitude of the different species in the two well characterized homogeneous DBD regimes