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Innovative plasma processing provides localized heating of grounded metallic surfaces under low pressure. Here we exploit a specifically designed Cylindrical Capacitive Coupled Discharge (CCCD), Radio-Frequency (RF) powering the inner cylinder and keeping the outer one grounded. Both cylinders have a longitudinal slit. These slits are aligned to each other and faced to a grounded metallic plate (target) placed underneath. When RF power is applied, the plasma glows inside the inner tube cavity, but it leaks out through the slits and spreads onto the surface of the target as a linear slab of plasma.

The parametric study of the process focuses on the nature of gas (Argon and Nitrogen), the pressure range (0.8 -50 mbar), the RF power (100 -1800 W), and the cylinders/plate gap distance (1 or 8 mm). The optimized operation of the plasma system provides the highest ion production in front of the plate. The fastest heating condition increases the target temperature to 614°C within 1s exposure to plasma. Furthermore, simulations using the Plasimo TM software package gives several other essential parameters such as the ion flux and their energy carried to the plate. Experimental and numerical results are in good agreement. This device has demonstrated the proof-of-principle for plasma heating of metallic surfaces.

I. Introduction

Plasma technologies offer advantages in terms of environmental impact, through reduced use of toxic liquids, and in terms of engineering scale, through their compatibility with nanoscale fabrication. Plasma processing technology is extensively exploited for various industrial applications, such as aerospace, automotive, biomedical, textile, optics, electronics industries [START_REF] Matveev | Non-Equilibrium Plasma Igniters and Pilots for Aerospace Application[END_REF][START_REF] Kim | Wearable Plasma Pads for Biomedical Applications[END_REF][START_REF] Kumar | Plasma Polymerization: Electronics and Biomedical Application. Plasma Science and Technology for Emerging Economies[END_REF]. Radio-Frequency (RF) plasma is widely operated in microelectronics fabrication for various material processing, as etching and film growth, atomic layer deposition (ALD), etc. [START_REF] Chabert | Physics of Radiofrequency Plasmas[END_REF][START_REF] Mattox | Chapter 3 -Plasmas and Plasma Enhanced CVD, The Foundations of Vacuum Coating Technology[END_REF][START_REF] Martin | Surface roughness generated by plasma etching processes of silicon[END_REF][START_REF] Jung | Radio frequency plasma power dependence of the moisture permeation barrier characteristics of Al2O3 films deposited by remote plasma atomic layer deposition[END_REF]. The surface bombardment by energetic ions strongly influences the growth and/or etching processes as well as the properties and composition of the deposited films. Different geometries of plasma reactors were studied [START_REF] Köhler | Plasma potentials of 13.56-MHz rf argon glow discharges in a planar system[END_REF][START_REF] Alexandrov | Proceedings of the VIII ICPIG[END_REF][START_REF] Baránková | Amorphous Carbon Films on Glass Prepared by Hollow Cathodes at Moderate Pressure[END_REF][START_REF] Upadhyay | Effect of self-bias on cylindrical capacitive discharge for processing of inner walls of tubular structures-Case of SRF cavities[END_REF][START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. A linear RF plasma for surface treatment has been proposed [START_REF] Baránková | Amorphous Carbon Films on Glass Prepared by Hollow Cathodes at Moderate Pressure[END_REF]. This configuration was successfully exploited in a hybrid process mixing plasma enhanced chemical vapor deposition (PECVD) with physical vapor deposition (PVD). It was operated with a hallow powered electrode (target) formed of two parallel (graphite) plates. On the other hand, a non-planar cylindrical geometry of RF plasma reactor was used to process the inner walls of superconductive Radio-Frequency (SRF) cavities [START_REF] Upadhyay | Effect of self-bias on cylindrical capacitive discharge for processing of inner walls of tubular structures-Case of SRF cavities[END_REF].

Recently, we proposed a novel design of plasma reactor for surface treatment [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. It is about a Cylindrical Capacitive Coupled Discharge (CCCD) formed essentially by two cylindrical coaxial electrodes. Both cylinders are equipped with a longitudinal slit, and these slits are aligned to each other and facing a metallic grounded plate (target) placed under cylinders. The main goal of this geometry is to force the operation of the system in a hollow electrode mode, and minimize, as much as possible, the plasma formation in the space between the tubes, i.e. avoiding its formation on the outer surface of the powered electrode (see Figure 1, in reference [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]). So, when applying the RF power, the plasma generated glows inside the inner tube cavity, and it leaks out through the slits and spreads onto the plate [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. Hence, the outer cylinder operates as a guard ring. Therefore, the distance between the two cylinders is one of the critical parameters, which will be discussed in this paper. As said, the only powered electrode is the inner one. Both, outer tube and the plate (target) surface are grounded. Due to the difference between the mobility of ions and electrons, and the formation of sheaths facing each electrode, positive ions will be accelerated by the electric field across the sheath towards the target.

The ion impact on the target has as consequence its heating. The efficiency of the heating process is due to an enhancement of ion bombardment. Consequently, the increase of the energy and the flux of these ions is the essential goal of this work. In reference [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF], we have shown that a linear Argon plasma is formed facing the plate. It has a stable operation over a relatively wide range of pressure (0.8-50 mbar) or RF power (typically <1.4 kW). We also carried out the first experimental and modeling studies in order to understand the behavior of the discharge and to study the effect of different parameters on it [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF].

In this paper, we continue the study of this CCCD focusing on a specific applicationthe heating of a grounded surface. Some improvements of the experimental device (reactor and RF connection) have been implemented compared to the initial version [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. The parametric study of CCCD lead to an evaluation of its efficiency, particularly in terms of ion flux and surface treatment. The power transferred from the plasma to the plate is simply determined by tracking its temperature. Hence, most of the results present the temperature of the target during and after the exposure to plasma, for different experimental conditions: nature and pressure of gas, RF power and plasma-plate gap. Some modeling results are also reported helping to explain the experimental observations and underlying the crucial role played by the ions in the heat transfer.

The paper is structured as follows. Section II describes the experimental setup and briefly the numerical approach. The experimental and modeling results are presented in Section III. Finally, the last section summarizes the main achievements and the conditions for optimizing the operation of the CCCD configuration for an effective heating of metallic surfaces.

II. Experimental Setup and numerical approach

Experimental set-up and diagnostics

The CCCD reactor used in this work has two coaxial cylinders of different radii, each one equipped with a longitudinal slit. The RF powered is the inner cylinder, made of stainless-steel (180 mm long, rin = 5 mm inner radius and rout = 6.4 mm outer radius) with the slit area of 145×2 mm² (length × width = Lin × win). The grounded is the outer cylinder, made of copper (210 mm long, Rin = 8 mm inner radius and Rout = 10 mm outer radius), with slit area of 150×2 mm² (length × width = Lout × wout). A dielectric (alumina) spacer allows to maintain a distance (δ) of 1.6 mm between the two tubes. The RF power is fed by one edge of the cylinder. External plate (target) is made of stainless-steel. It is grounded and placed just under the slits. The gap separating the outer cylinder and the plate is denoted g. Two different values of the gap are reported here: 1 mm (plate close to the tubes) and 8 mm (plate further away from the cylinders).

The system was placed in a vacuum chamber of 45 cm height and 35 cm diameter, made of stainless-steel. Prior to each experiment the primary vacuum was obtained via a Pfeiffer duo 004 (pumping speed 4 m 3 /h) pump, reaching the base limit pressure of 10 -2 mbar. Then, the gas (Argon or Nitrogen) was injected, over a pressure range lying between 0.8 and 50 mbar. The pressure was given by an absolute capacitive gauge (Pfeiffer CMR 361). It should be noted that before manipulations, and in order to reduce the impurities, the air in vacuum chamber was pumped up to the base pressure (10 -2 mbar). Then the chamber was filled with the desired gas at atmospheric pressure, and we pumped again up to 10 -2 mbar. The partial pressure of the residual gases in vacuum chamber remains lower than the working pressure, so their effects on discharge parameters can be neglected. The glow discharge was established by applying the RF power delivered by the RF generator (COMET, 13.56 MHz, 3 kW) to the inner electrode. It was connected to an automatic impedance matching system to minimize the reflected power (always below 5% of the injected power). The circuit includes an RF probe (Vigilant Power Monitor -SOLAYL), which measures the electrical parameters (average power, voltage amplitude, maximum current, phase shift, etc.). It is driven by a software (Vigilant RF Lab) allowing also to display the measured data. It should be noted here that the absolute values of self-bias voltage are displayed on the RF generator but not its sign. We checked the sign of the self-bias voltage by a home-made system (resistive bridge). The self-bias was negative for all experimental conditions studied in this work.

A linear plasma is formed facing the plate when applying the RF power. Striations have been observed along the slit for Argon [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF] and Nitrogen plasma. Other details can be found in [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF].

The device used in this work has a similar configuration as reactor B (see Fig. 1) presented in reference [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF], but some improvements must be underlined. The widths of slits of both tubes are equal here (win= wout = 2 mm), while they were different in the previous work (win= 2 mm, wout = 4 mm). Also, it was found for low pressure (p ≤ 1 mbar) and RF power exceeding 100 W that these striations spread out along the tubes (see Fig. 2 (a)). Changing the slit width of the outer cylinder is intended to bring them closer together. Indeed, it is the case here as could be seen in Fig. 2 (b). This change is expected to ensure a more homogenous heating of the plate exposed to the plasma slab, the targeted application of this device. Moreover, the axial distribution of the plasma is certainly influenced by the geometry of the cylinders. Further studies of these striations, their formation and spatial distribution, are very interesting but they are out of the scope of this work.

Another improvement concerns the RF connector allowing to increase the RF power (PRF > 1000 W) and to achieve a better heating. The connectors inside the vacuum chamber cannot survive for long with high RF power (> 400 W). Therefore, a feedthrough with a special design connects directly the RF power from the RF generator (atmospheric pressure) to the cylinder placed under the vacuum (see Fig. 1 (a)). The other edge of the coaxial system is closed by an alumina stopper.

A bichromatic infrared pyrometer IGAR 12-LO (MB 22: 499 -2200 ° C) was used in metal mode to mesure the plate temperature. It is equipped with a collimator followed by an optical fiber and a laser pointer locates the measurement area. It advantageously measure the temperature of metals without requiring the material emissivity and offers good accuracy (0.5 -0.7 % of the mesuread value +1 °C). The temperature given by IGAR 12-LO pyrometer was compared with one measured by a thermocouple (type : Nickel-Chrome-Silicon / Nickel-Silicon). For this purpose, a copper plate placed in furnace was isothermally heated and both methods gave the same steady temperature. The values are shown in Figure 3 (a). The very good agreement between the two measurements is taken as a calibration of the pyrometer. For high temperatures (750 -850 ° C) the temperatures overlaps between the two techniques. So, the pyrometer in metal mode is trustable and it is further used.

However, its drawback is the mesurement range starting beyond 500°C. For temperatures below this threshold, and especially to check the temperature of the plate before each experiment, another monochormatic pyrometer IGA 6/23 (MB 12: 150 -1800 ° C) was emplyed. Also, this pyrometer is equipped with a laser pointer. The calibration of IGA 6/23 pyrometer was performed following the temperature of the same area of a stainless steel plate during and after its exposure to plasma (gas: N2, p = 15 mbar, PRF = 400 W and g = 8 mm) with both pyrometers. Hence the surface emissivity was 0.12, in agreement with data from the literature [12]. During plasma exposure, the plate temperature rises and reaches 520 ° C after 450 s as IGAR pyrometer indicates, while IGA gives 511.5°C (see Fig. 3 (b)). The difference between the two instruments stays below 0.5%, so 0.12 value of the stainless steel emissitivity is considered validated.

The parametric study of the plasma conditions systematically used the two pyrometers pointing the laser spot at the center of the plate (see Fig. 1 (a)). So, IR radiation is emitted from the same region of the plate surface exposed to the CCCD plasma. Notice neither the Argon, nor the Nitrogen emit lines in the IR range used by the pyrometer photodetectors, and so the temperature mesurements are realiable. 

Numerical approach

The modeling has been used to evaluate the effect of the geometry, particularly the gap, on the efficiency of the system. The MicroDischarge model used Plasimo package software [13]. It is based on the fluid approach and has been implemented for a plane, in two dimensions, perpendicular to the cylinder's axis. It solves the conservation equations system which are the moments of the Boltzmann equation, i.e. the conservation of the charged particles, momentum, for electrons and ions and energy conservation only for the electrons. They are coupled with the Poisson equation for the charged species. A detailed description of the model can be found in Ref. 14 and references therein. The results reported in the present paper concerns Argon. Three species have been considered in the model: electrons (e), single charged positive ions (Ar + ), and one effective excited state (Ar * ). The transport coefficients for particles and rate coefficients for different reactions and details on this model are presented in reference [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF].

The sketch of the simulation geometry is shown in Fig. 4. The radii of the central tube (RF powered) are 5 inner and 6.4 mm outer, respectively, with 2 mm width slit (win) (blue tube in Fig. 4). The RF signal was taken 10 MHz in the simulation, close to the real one used in the experiment. The outer (grounded) tube has 8 mm inner radius and 2 mm width slit (wout) (white in Fig. 4), and it is connected to the ground as it is the plate (target) under the slits. With these dimensions, the space separating the two cylinders δ = 1.6 mm, like in the experiment. The axes y and z are defined as follows (see Fig. 4). The origin (0,0) is the point on the plate crossed by the normal to it, passing by the center of the slits (and the axis of the two cylinders). y axis is parallel to the plate surface and perpendicular to the cylinder's axis. Positive and negative values describe the position on each side of the slit (center). z axis represents the vertical axis starting from (0,0) toward the coaxial electrodes structure. The distance between the plate and the outer tube represents the gap g, on this axis.

To run the model, an initial condition concerns the seed electrons and ions present in the simulation volume prior to powering the system. An arbitrary homogeneous density of 10 15 m -3 was taken. The metastable state (effective excited state of Argon) density has been set to an initial density of 10 7 m -3 . These input values have been changed several times to check their impact on the final solution. They are the highest without any impact on the result. So, they have been further systematically used because the highest the initial densities, the faster the convergence of the code. The numerical convergence had been considered achieved after more than 60 μs of real time simulation (600 RF periods), and checking the average plasma parameters are certainly not evolving (moment to moment in two consecutive RF periods) since, at least, 20 RF periods. 

III. Results and discussion

This section presents a parametric study of the discharge and it focuses on the heating of plate, i.e. the kinetic energy transferred to the target by the plasma ions. The experimental and modeling results are presented in sections 3.1 and 3.2, respectively.

Experimental findings

As shown in Fig. 5, striations have been observed along the slit for both gases, Argon and Nitrogen. They are mobile in both directions between the tube edges for Argon plasma. The velocity and the number of striations strongly depend on gas pressure [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. However, under some conditions the striations are stationary for Nitrogen plasma. Same trend is shown in direct current (DC) glow discharges: moving striations are usually observed in noble gases [START_REF] Kolobov | Striations in rare gas plasmas[END_REF][START_REF] Golubovskii | Advances in the study of striations in inert gases[END_REF], while standing striations are typical for molecular gases [17,[START_REF] Spottiswood | On stratified discharges. -II. Observations with a revolving mirror[END_REF]. Striations are ionization waves with unique properties determined by transport phenomena, ionization processes and electron kinetics in current-carrying plasmas. Further studies of these structures are very desirable, as reported by Bera et al. [START_REF] Bera | Self-organized pattern formation in radio frequency capacitively coupled discharges[END_REF]. However, the cause of the formation and the study of these striations is out of the scope of this work, so it can be addressed further. This work is focused on the study of the increase of the energy and the flux of ions arrived at the plate to have the most possible efficient heating (intended application).

To optimize the heating of the plate placed under the slits of tubes, two factors are mainly studied: the duration and the temperature of heating of the plate, in other words the fraction of the power (energy per time unit) transferred to the target. The main parameters changed were: the gap distance reactor/plate (g = 1 et 8 mm, section 3.1.1), the gas (Argon and Nitrogen, section 3.1.2), the pressure (p = 0.8 -50 mbar, section 3.1.3), and the RF power (PRF = 800 -1800 W, section 3.1.4).

It should be noted here that before each heating manipulation, the system was cooled under atmospheric pressure in neutral gas (Argon or Nitrogen), during more than two hours, to verify an initial temperature of the metallic surface equal to the ambient temperature.

In figures 6, 7, 8 and 10, the duration when the RF power is turned ON is represented by an arrow with indication 'Plasma ON' (duration started from t=0 to the end of the arrow). After this duration, the RF power is switched OFF. 

Effect of gap distance (g)

In this section, we compare the heating of the plate by this plasma when it is placed close (g=1 mm) and further away (g=8 mm). The discharge is operated in Nitrogen keeping unchanged the other conditions, namely pressure/power (15 mbar / 800 W).

The variation of the plate temperature is shown in Figure 6. The heating increases beneath the plasma action (indicated in the figure by 'Plasma ON') and it decays when the RF power is turned OFF, for each case. The temperature of the plate reaches 680° after 180 s with a gap of 1 mm, and much slower, after 265 s, with a gap of 8 mm. By reducing the gap from 8 to 1 mm, the duration of heating decreased by almost 1.5 times. One can clearly state the effectiveness of the plasma action reducing the distance to the plate. This agrees with our modeling results presented in reference [11, section IV-B]. The model predicted an enhanced ion bombardment on the plate resulting in a better efficiency of the discharge very close to the surface to treat. Indeed, for a short gap (g=1 mm), the density, the flux, the velocity of ions, and the energy they dissipate at the plate are all higher than for a larger gap (g=6 mm in the model). To optimize the heating the shortest gap is the best, so we continued the studies with 1 mm gap. 

Effect of the nature of gas

This section focuses on the heating effectiveness using noble gas and molecular gas to produce the plasma. Both compared gases, Argon and Nitrogen, are known for their low reactivity, and this is the reason why we compared their effect on the surface heating, minimizing the (chemical) reactive effects. We compare the case of Argon and Nitrogen for two different pressures: 5 and 50 mbar, keeping constant the power (800 W) and the gap (1 mm, Fig. 7).

As shown in Fig. 7 (a) for a pressure of 5 mbar, the temperature reaches 864° C in Argon and only 612° C in Nitrogen after 160 s of exposure to plasma. This result extends to any other molecular gas. Indeed, a fraction of the injected power goes to the rovibrational excitation and gas dissociation processes. Consequently, the plasma density decreases, i.e. electron and positive ion densities. Also, the electron temperature diminishes since the inelastic rovibrational states involve electrons on a large range, from low energy (rotational excitation starts at about 0.05 eV) to very high energy (e.g. dissociative ionization, e + N2 => N + N + + 2e, has a threshold of 24.29 eV, which is much higher compared to Argon ionization, only 15.75 eV). Hence, the energy and the density of the ions arriving at the plate are lower in Nitrogen supporting the Argon plasma as the best choice. Another advantage of choice the Argon plasma is that the striations formed are mobile in both directions between the tube edges. With a high RF power (PRF ≥ 800 W), it is difficult to follow a striation with the naked eye. Which allows a more homogeneous heating of the metallic surface. To optimize the heating, noble gas plasma gives the best results. Further studies involved Argon plasma.

Effect of gas pressure

Another external parameter that may affect the plate heating is the gas pressure (see Fig. 7 a andb).

Here, we focus on the variation of the plate temperature after exposure to plasma for a wide pressure range (0.8 -50 mbar). Fig. 8 (a) shows the variation of the plate temperature during and after exposure to Argon plasma for three pressures (15, 30 and 50 mbar). The RF power was kept constant 800 W as well as the gap 1 mm. The plate temperature reaches about 680 ° C after 164 s for 15 mbar, after 160 s for 50 mbar, and after 148 s for 30 mbar. The heating appears very sensitive to the operating pressure.

In addition, Fig. 8 (b) shows the temporal evolution of the temperature for the pressures of 0.8, 2, 5, and 15 mbar. The temperature reaches 680 ° C after 65 s for 0.8 mbar, after 88 s for 2 mbar, after 110 s for 5 mbar, and 164 s for 15 mbar. The comparison is very interesting for this pressure range. We see that the heating is much faster at lower pressure: from 15 to 0.8 mbar, the duration of heating to reach 680°C shortens 2.5 times. This result agrees with our modeling results presented in reference [11, section IV-A], which showed that the system is more efficient for the surface treatment if the working pressure is the lowest possible [START_REF] Alhomsi | Experimental and numerical study of the plasma in coaxial capacitive coupled radio frequency discharge[END_REF]. To optimize the heating, it is necessary to keep the pressure low, and hence, the study continues with an Argon pressure of 0.8 mbar. On the other hand, as shown in figure 8 (b), the curve shape for 0.8 mbar differs from that of other pressures. It is as if there is a different behavior discharge for 0.8 mbar. To explain this difference, and using a Direct Current (DC) power supply, we have plotted the variation of the breakdown voltage (VB) with pressure (0.5 -500 mbar) for Argon plasma (see Fig. 9). We can see that only 0.8 mbar (blue circle in Fig. 9) is at the left of the curve minimum, which can explain the different behavior of the discharge as well as the heating/cooling of the surface for this pressure value.

Fig. 9. Variation of the breakdown voltage with pressure for Argon plasma.

Effect of RF power

The last parameter experimentally studied in this work is the RF power, which was varied between 800 and 1800 W, for a pressure of 0.8 mbar and a gap of 1 mm. Fig. 10 shows the temporal evolution of the plate temperature during (Plasma ON) and after exposure to Argon plasma.

As shown in Fig. 10 (a), the increase of RF power from 800 to 1200 reduces the duration of heating from 65 to 40 s to reach a temperature of 680 ° C. Fig. 10 (b) shows the evolution of the temperature for 1400W and 1800W. Surprinsingly, for 1800 W, the temperature reaches 614 ° C after only 1 s. Notice that for such high RF power (1800 W), the operating duration of discharge was reduced to a few seconds to preserve the device, which runs at present without any cooling system. This duration is very short which can explain a different regime of discharge. In this case, the fast heating is probably on surface and not into the volume of the plate, which can explain also the fast cooling. To summarize and according to the results presented in sub-sections 3.1.1, 3.1.2, 3.1.3, and 3.1.4, the plate heating optimization occurs when the plate is close to the reactor, the plasma glows in a lowpressure noble (Argon) gas at very high RF power.

Modeling results and discussion

Numerical simulations were performed for Argon plasma using the experimental parameters to determine the spatial distribution of charged particles of the plasma in the plan (y, z) perpendicular to the cylinder's axis. Figure 11 shows an example of the 2D spatial distribution of the density of ions Ar + for Argon plasma, with RF power of 800 W, a pressure of 5 mbar, and a gap of 1 mm. Notice that the input electrical parameters correspond to the experimental measurements for 800 W, i.e., the amplitude of the RF voltage (VMAX=266 V) and the self-bias voltage (Vbias = -100 V).

Figure 11 shows the plasma extending in the space between the tubes, each side of the slits. The inner and outer tube are drawn in this figure to clarify their positions to readers. Despite the two cylinders are close to each other (δ = 1.6 mm), a limited diffusive plasma survives, and the guard ring could not completely suppress it. Even if this diffusive plasma in the inter-electrodes space is low density, it weakens the heating efficiency. Away from the slit region, the plasma vanishes between the two cylinders (average density of ions and electrons being close to zero). Further we compare the low power experiment and modeling results focusing on the role of ions in plate heating. Different parameters are compared, the experimental measurements of plate temperature and the flux of ions arriving at the plate calculated by Plasimo. Two simulations were performed for 5 mbar (same conditions as in Fig. 11) and 15 mbar, with RF power of 800 W and a gap of 1 mm. The input electrical parameters VMAX and Vbias correspond to the experimental measurements recorded for the pressures 5 mbar (black squares) and 15 mbar (red circles) presented in Fig. 8 (b).

1) VMAX = 266 V, Vbias = -100 V, p = 5 mbar.

2) VMAX = 237 V, Vbias = -61 V, p = 15 mbar.

For the lower pressure (5 mbar), the flux and the power density dissipation at the plate surface are both higher than for 15 mbar, as shown in Fig. 12. This is consistent with the experimental result discussed in section 3.1.3. The Ar + ion flux increases by 1.33 times when the pressure decreases from 15 to 5 mbar. Returning to Fig. 8, the temperature of the plate reaches 864°C with a pressure of 5 mbar and 643° C with a pressure of 15 mbar, after 160 s of exposure to Argon plasma fed by 800W RF power. The maximum temperature ratio is 864° C/ 643° C= 1.34. This is a fairly good correlation between the temperature of plate (experimentally measured) and ion flux arriving at surface (given by the simulation). Once again, the two ratios are very close to each other. We can conclude that the heating of plate is mainly controlled by positive ions escaping from the RF plasma through the slits and impinging onto the plate. 

IV. Conclusion

This work analyses the effectiveness of a novel configuration of linear plasma slab formed by a Coaxial Capacitive Coupled Discharge (CCCD) with a double slit and placed in front of a metallic plate (target). The efficiency of the discharge is mainly evaluated in terms of energy deposited to the plate leading its heating.

Studies focus on the effect of different plasma and geometrical parameters, such as the nature of gas (Argon, Nitrogen), gap distance reactor/plate (1, 8 mm), the pressure (0.8 -50 mbar) and the RF power (100 -1800 W). The experimental results obtained suggest that to optimize the heating of the plate (temperature and duration of heating) it is necessary to place the plate as closer as possible to the reactor slits, chose a noble gas (typically Argon), decrease the pressure as low as possible, and increase the RF power.

With this plasma the metallic surface heats up to 614 ° C after only one second of exposure to the plasma. In this case, 1800 W RF power sustained the Argon plasma at 0.8 mbar. Good consistency between experimental and modeling results is also shown, revealing the major role played by the positive ions escaping through the slits, for this particular type of discharge. CCCD configuration can be very effective for surface treatment of different materials (conductors or insulators) on large area (when the plate or the system is moving perpendicular to the slits) due to energetic ions and active species released from the plasma. This work summarizes the optimization process for increasing the energy transferred from the CCCD plasma to a (grounded) surface by measuring the latter temperature. This device remains effective also for the heating other types of materials instead of a metal plate, for instance powders. The performance of this device opens a novel application of the plasma discharges such as the pre-heating of titanium powders for metal additive manufacturing (metal 3D printer). Moreover, the self-bias voltage measured in this work is negative. Changing its sign is a challenge, in order to increase the ion energy towards the surface. Depending on the followed purpose, this change could be possible by biasing the plate or the powder (grounded in this work), or simply by increasing the area of electrodes.
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 1 Fig. 1. Sketch of (a): the experimental setup, win= wout = 2 mm ; (b): the reactor B presented in reference [11], win= 2 mm and wout = 4 mm. With win and wout are the widths of the slits for inner and outer cylinder, respectively.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Ar plasma images taken with the, (a): reactor B [11], and (b): reactor presented in this work.The plasma conditions are the same: p = 1 mbar, g = 1 mm and PRF = 100 W.

Fig. 4 .

 4 Fig. 4. Sketch of simulation geometry. Plasma volume is the black region. Inner electrode is the blue region and outer the white region (only the inner radius of the outer electrode is important). Cell size was 0.2 × 0.2 mm 2 , δ = 1.6 mm, win=wout = 2 mm, and g = 1 mm.

Fig. 5 .

 5 Fig. 5. Ar and N2 plasma images taken for two pressures 1 and 3 mbar (PRF = 100 W, g = 1 mm).

Fig. 6 .

 6 Fig. 6. Temporal evolution of the temperature of the plate during (Plasma ON) and after switching off the power. The plate was exposed to a Nitrogen plasma with a gap of 1 mm (red circles) and 8 mm (black squares) (p=15 mbar, PRF=800 W).

Figure 7 (

 7 b) shows the maximum temperatures reached at high pressure (50 mbar) after 200 s of exposure to the plasma. The plate temperature reaches 780° C in Argon and 715 ° C in Nitrogen. As expected, Argon plasma is more efficient for heating the plate.

Fig. 7 .

 7 Fig. 7. Temporal evolution of the temperature of the plate during (Plasma ON), and after exposure to Argon (black squares) and Nitrogen plasma (red circles), for pressures (a): 5 mbar, (b): 50 mbar. (g=1 mm, PRF=800 W).

Fig. 8 .

 8 Fig. 8. Temporal evolution of the plate temperature during (Plasma ON), and after exposure to Argon plasma, for pressures: (a) 15, 30 and 50 mbar, (b): 0.8, 2, 5, and 15 mbar (g=1 mm, PRF=800 W).

Fig. 10 .

 10 Fig. 10. Temporal evolution of the temperature of the plate during (Plasma ON), and after exposure to Argon plasma, with RF powers of 800, 1000, 1200, 1400 and 1800 W, (p=0.8 mbar, g=1 mm).

Fig. 11 .

 11 Fig. 11. 2D density of Ar + maps in the plane (y, z) normal to the cylinder's axis calculated by Plasimo (PRF=800 W, p=5 mbar, g=1 mm).

Fig. 12 .

 12 Fig. 12. Spatial distribution of (a) the flux of Ar + and (b) the power dissipated by Ar + at the plate for g = 1, for 5 and 15 mbar with RF power of 800 W, calculated by Plasimo.

Fig. 13 .

 13 Fig. 13. (a): Temperature measurements of the plate during exposure to Argon plasma, (b): spatial distribution of the ion flux of Ar + arriving at the plate calculated by Plasimo simulations. (Ar, PRF = 400 and 800 W, p = 15 mbar, g = 1 mm).
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