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Atmospheric microwave-induced plasmas in Ar/H2 mixtures studied with a combination of passive and active spectroscopic methods
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Several active and passive diagnostic methods have been used to study atmospheric microwave induced plasmas created by a surfatron operating at a frequency of 2.45 GHz and with power values between 57 and 88 W. By comparing the results with each other, insight is obtained into essential plasma quantities, their radial distributions and the reliability of the diagnostic methods. Two laser techniques have been used, namely Thomson scattering (TS) for the determination of the electron density, n e , and temperature, T e , and Rayleigh scattering (RyS) for the determination of the heavy particle temperature, T g . In combination, three passive spectroscopic techniques are applied, the line broadening of the H β line to determine n e , and two methods of absolute intensity measurements to obtain n e and T e . The active techniques provide spatial resolution in small plasmas with sizes in the order of 0.5 mm. The results of n e measured with three different methods show good agreement, independent of the plasma settings. The T e values obtained with two techniques are in good agreement for the condition of a pure argon plasma, but they show deviations when H 2 is introduced. The introduction of a small amount (0.3 %) of H 2 into an argon plasma induces contraction, reduces n e , increases T e , enhances the departure from equilibrium and leads to conditions that are close to those found in cool atmospheric plasmas.

Introduction

Gas discharges working in the open air are nowadays subjects of growing interest. This is due to their applicability in many technological fields such as material processing, waste treatment, spectrochemical analysis, surface treatment and biomedical applications. But the most important reason behind their popularity is that they are relatively easy to operate. One consequence of the operation in open air is that this might create and/or enhance deviations from equilibrium. For example large differences between the gas temperature T g and the electron temperature T e can be expected when the power density and the (radial) size of the plasma are small. The reason is that in small-sized plasmas the heavy particles are effectively cooled by the environment whereas the electrons are heated by the EM field. This, together with the fact that the small ratio of the mass of the electron and the heavy particles obstructs the heat transfer between the two groups, may lead to large T e /T g values. This especially holds for the class of Cool Atmospheric Plasmas (CAPs) for which the temperature ratio can reach values up to T e /T g = 50. The low gas temperature of 330 K or lower prevents the plasma-treated material to be destroyed by heat overloading; the plasma-material interaction is determined by the exchange of radicals rather than by heat transfer. Examples of CAPs are the micro plasmas [1], the plasma needle [2] and the plasma pencil [3].

The characterization of a CAP is very difficult. Since it is small in volume and often filamentary in shape the internal structure can not be investigated easily. Moreover, CAPs are strongly influenced by the environment. Air molecules can penetrate and mix with atoms or ions of the main gas, e.g. Ar. This leads to molecular channels that offer effective recombination paths. Consequences of this molecular assisted recombination are that the electron density will go down whereas the electron temperature increases. So apart from the thermal non-equilibrium feature many other plasma aspects will be brought out of equilibrium as well. It is expected that the atomic state distribution (ASDF) will strongly deviate from the shape as prescribed by Boltzmann's law while the ionization degree will not obey the Saha formula. This makes the characterization of these plasmas far from easy. The larger the deviation from equilibrium, the less we can rely upon the classical laws of statistical physics and the more the various plasma aspects are decoupled from each other. So, in order to get a valuable characterization much more parameters have to be specified. Moreover, due to the equilibrium departure, we can no longer blindly rely upon the Optical Emission Spectrometry (OES); especially not if the methods are based on distribution laws of equilibrium statistical mechanics, such as in the case of the Boltzmann-plot method. This means that apart from OES we have to consult other methods as well; for instance those that are used in the field of laser aided diagnostics. Not only to determine the relevant plasma parameters but also to get, via a cross-validation of the different techniques, deeper insight into the mechanisms that are responsible for the departure from equilibrium. So, to get a better understanding of CAPs we have to employ the method of poly-diagnostics. An approach that was introduced in the experimental characterization of atmospheric Inductively Coupled Plasmas (ICPs) [4] and recently applied to low pressure surfatron discharges [5].

However, since the step from the robust ICP to the tiny CAPs was found to be too large it was decided to employ the poly-diagnostic approach to semi-CAPs. For this we selected atmospheric plasmas generated by means of microwaves launched by a surfatron in Ar/H 2 mixtures. The T g values of these plasmas are on the order of 1400 K and with values of T e /T g ≈ 7 they are indeed somewhere in between thermal plasmas (T e /T g ≈ 1) and the class of CAPs. Moreover, due to their stability these surfatron induced plasmas facilitate the study of internal structures for conditions approaching those found in CAPs. Thus the idea is that, if we can characterize these semi-CAP plasmas, we can develop a strategy for future studies on the characterization of CAPs.

The plasma flame generated with the surfatron is comparable to that created with the axial injection torch (TIA) [6] and the microwave plasma torch (MPT) [7]. The main difference is that the present plasma is much more stable so that it is easier to study the radial distribution of plasma quantities. In order to approach CAP-conditions we reduce the power and introduce small amounts of hydrogen. While doing so we keep track of the results obtained by active and passive spectroscopy and monitor whether approaching CAP-conditions might lead to discrepancies between the methods. Two laser diagnostic techniques have been used, namely Thomson scattering (TS) and Rayleigh scattering (RyS). TS is employed to determine the electron density n e and temperature T e with good spatial resolution [8][9][10][11][12][13][14][15]. Rayleigh scattering gives us spatially resolved heavy particle temperature T g [16][17][18][19]. In this way we can (among others) study and characterize the departure from equilibrium of the plasma.

In combination with the active methods, three different passive-spectroscopic techniques are applied. The electron density is obtained from the Stark broadening of the H β line [20,21] and the method of Absolute Continuum Intensity (ACI) measurements. The electron temperature is found by means of the Absolute Line Intensity (ALI) measurements. The methods of ACI and ALI were introduced in [22,23]. In [24] they were applied to the TIA.

As stated above, the conditions found in CAPs are approached by power reduction and hydrogen addition. It is found that due to these actions the plasma becomes smaller in diameter, lower in electron density and gas temperature and higher in electron temperature. With respect to the validity of the methods, the poly-diagnostic approach has shown that the n e -values as deduced from the continuum and the Stark broadening of H β are reliable. However, the electron temperature method based on the absolute line intensity measurement loses validity when hydrogen is introduced in order to approach the CAP conditions.

The paper is organized as follows: Section 2 being devoted to the experimental set-up, gives a description of the plasma source, the plasma settings and the diagnostics tools. Section 3 deals with the basic concepts of the different diagnostic methods. In section 4 the results are shown, the influence of H 2 introduction and power reduction are studied and the methods are compared to each other. Finally, section 5 gives conclusions.

Experimental setup

Figure 1 gives an overview of the setup that has been used for both passive and active spectroscopy performed on atmospheric microwave induced plasmas. It shows four sections: the atmospheric surfatron, the laser system, the detection branch for active spectroscopy and the detection branch for passive spectroscopy.

Atmospheric surfatron setup

Electromagnetic waves are generated in a Muegge power supply that delivers microwaves at 2.45 GHz. The power is adjustable up to a maximum of 300 W. Coaxial cables guide the microwaves to the surfatron launcher where they are coupled to the plasma [25]. The surfatron is equipped with two plungers that give extra tuning capabilities to achieve an optimal coupling. The microwave power absorbed by the plasma is determined by subtracting the reflected from the forward (=applied) power. The plasma is created inside a capillary quartz tube with an inner and outer diameter of 1.0 mm and 2.5 mm. The electromagnetic waves propagate along the interface between plasma and tube creating and sustaining the discharge. The dielectric tube ends 1cm behind the surfatron gap and the plasma expands into the open air. The measurements take place at 1 mm behind the end of the tube. The gas flow is set by means of mass flow controllers that allow the tuning of the flow rates and the composition of the gas mixture. The characteristics of the plasma flame mainly depend on the absorbed microwave power and the composition of the gas mixture. The dependence on the flow rate was found to be only moderate. The three plasma settings that have been investigated are listen in table 1; the flow is in all cases around 1 slm: Before the plasma settings were selected a global exploration of the plasma response to changes in the settings was made. It was found that at the position of 1 mm behind the tube exit, where the measurements takes place, the pure Ar plasma does not change substantially if the power and flow rate are changed moderately. A feature that was already observed in [24] for the pure argon TIA. On the other hand, the plasmas in Ar-H 2 mixtures are sensitive to changes in the power. This brought us to selecting the settings A, B and C as given in table 1.

The laser

For the frequency doubled Nd:YAG laser we used a Continuum Laser model Precision II 8010 that produces 8 ns pulses with a repetition rate of 10 Hz. The pulse energy is adjustable with a maximum of 700 mJ @ 532 nm. This makes it possible to investigate the influence of the laser power on the plasma. The guiding and focusing of the laser beam is done with a set of three mirrors and a lens with a focal length of f = 1.0 m.

Active spectroscopy detection branch.

The detection branch of the laser scattering techniques is formed by a set of two achromatic lenses, a triple grating spectrograph (TGS) and a cooled iCCD camera. The TGS is the same as the one described in [26,27]. It was originally designed to reject false stray (FS) light and Rayleigh scattered (RyS) photons, and to collect and disperse the TS signal [27]. The rejection of FS and RyS is done by a combination of the first two gratings with a mask in between. This forms a notch filter. The final dispersion is performed by the third grating that sends the dispersed image to an Andor DH534 iCCD camera. For the detection of the RyS signal the same TGS is used but with the notch filter "switched off". This switch-off merely implies that the mask in between the first and second grating is removed. The Rayleigh photons are then collected together with the photons of FS and TS.

Passive spectroscopy detection branch.

The detection branch used for the OES is described in detail in [5]. The emitted plasma light is focused into an optical fiber, by which the light is guided to the entrance slit of a spectrometer. The spectrometer, a high resolution double Echelle monochromator (DEMON), consists of an Echelle spectrometer in sequence with a prism pre-monochromator. An Andor DV434 CCD is used to record the spectra. 

Spectroscopic techniques

The spectroscopic techniques and methods used in this study have been introduced and discussed in earlier studies. Here we confine ourselves to the information that is needed to obtain a good comparison of the experimental tools with each other.

All the spectroscopic methods were applied at the same plasma position, namely at 1 mm behind the end of the tube. This position is chosen as being a good compromise between giving high plasma intensity, thus close enough to the tube exit, and a low FS level, that means far enough from the tube exit. The techniques were applied consecutively to the same plasma settings and employed on the same day. During the application of laser aided spectroscopy, the optical fiber was removed in order to avoid that the laser beam hits and/or damages the fiber. On the other hand, during the performance of passive spectroscopy the laser is switched-off in order to avoid any kind of reflections that could enter the fiber.

Thomson Scattering

The theoretical basis and experimental procedure of the TS technique have been explained in detail in previous works [12,26,28]. It is based on the scattering of laser light on the collection of free electrons. As such it gives direct insight in the properties of the electron gas. This is the main difference with the more indirect passive methods where the electron properties are deduced from the spectral features of the plasma. In the current setup the laser beam is aligned perpendicularly to the plasma flame axis and goes through its radial center (figure 1). The entrance of the TGS collects a scattering length of 1.2 cm [26,28] and since the radius of the plasma flame is smaller Since the electron density is, as we will see, below 3. 10 21 m -3 and the electron temperature in the range 1-2 eV we can expect that the scattering will be incoherent. This implies that the total scattered power is directly proportional to the electron density and that the TS spectrum has a Gaussian profile. The width of this profile then directly provides the electron temperature T e [28] while the value of n e can be derived from the spectral area, after an intensity calibration. As in our previous works, the calibration is achieved by measuring the Raman spectrum of nitrogen at controlled pressure [26][27][28][29].

In order to determine whether the laser power influences the plasma, different measurements were done changing the energy per pulse in a range of 40 mJ-170 mJ. It was experimentally found that laser heating can be avoided if the pulse energy is kept below 50 mJ. This, combined with the insights obtained in the error analysis in [28], leads to an estimation of the relative error in n e of 17 % and 15% for T e .

Rayleigh Scattering

Rayleigh Scattering (RyS) is the elastic scattering of laser photons by electrons bound to heavy particles. The method is described in [16][17][18][19] and was, among others, applied to inductively coupled plasmas, surfaguide induced plasmas and plasmas created by the TIA. Since the RyS intensity is directly proportional to the atom density while this is inversely proportional to the gas temperature, we get the plasma gas temperature by comparing the RyS power of the plasma, P pl , with that of argon gas at room temperature, P room . Provided the laser and observation settings are the same, the relation simply reads T g = T room P room /P pl .

The Rayleigh spectra are collected with the same detection branch as that used for the TS experiments, and with the same laser alignment. However, the mask of the TGS must be removed, so that the notch filter is "switched-off". In this configuration the iCCD records three signals, the Rayleigh signal, the false stray light and the Thomson signal. The TS contribution to the total spectrum can be calculated to be less than 5% for the plasma conditions under study. The false stray light is produced by reflections of the laser beam, or a laser side-beam, on different components of the setup close to the scattering volume. This contribution cannot be neglected and must be removed in order to derive the Rayleigh intensity. This is done by combining the measurements obtained with and without the discharge. Since the configuration is identical in both cases the FS remains unchanged, whereas the RyS signal changes according to temperature difference. The accuracy in the T g -determination is estimated by taken the inaccuracies of the FS (15%) and the TS contribution (<5%) into account. The effect of a possible entrainment of air into the flame can be neglected: even assuming an excessive contamination of 10% of air (N 2 80% + O 2 20%) leads to a relative error in the gas temperature determination smaller than 1%. This because the values of the RyS cross section for argon, nitrogen and oxygen (σ N2 = 1.12σ Ar , σ O2 = 0.915σ Ar ) [30] are close to each other. All these considerations lead to a final estimation of the relative error for the gas temperature in the order of 15%.

Absolute intensity measurements

We use here the passive method of Absolute Intensity Measurements (AIM) as introduced in [24] and applied to a TIA working on argon at atmospheric pressure. This method is based on the absolute measurements of the continuum and line radiation. The method of absolute continuum intensity (ACI) measurements, described in detail in [22], provides values of electron density from the continuum level for a known T e -value. On the other hand, the method of absolute line intensity (ALI) measurements allows the construction of the atomic state distribution function (ASDF), including the ground state. From the ASDF the electron temperature can be determined, if n e is known, making use of a collisional radiative model (CRM) [23]. As a side product, the ASDF also provides the values of the excitation temperatures of the upper part, T spec , and the bottom of the distribution, T 13 . These three temperatures, T e , T 13 and T spec , give insight into the deviation from equilibrium.

In the present study the AIM method is employed in a slightly different form making use of TS results. This leads to a more precise method. The main contributions to the error of n e are the uncertainties in the gas temperature, T g , and the plasma size, D. In the present experiment we can estimate relative uncertainties for the plasma diameter of 8% and for the gas temperature of 15%. All these estimations lead to a total relative error of 26% in n e as obtained for the continuum and of 6% in T e from the line radiation.

The absolute intensity measurements are performed with the detection branch designed for the passive spectroscopy techniques. In contrast to the laser based techniques, the passive methods do not deliver spatial information. Instead they provide information on averaged values of n e and T e for the plasma cross section at a distance of 1.0 mm from the exit of the tube.

Stark broadening

To obtain the electron density n e from the Stark broadening of H β we used the computer simulations developed by Gigosos and Cardeñosos [20,21]. However, before this can be employed one has to correct the measured line-width for other broadening mechanisms. Estimations show that for the studied plasma conditions the resonance and natural broadenings of the H β line can be neglected; that the van der Waals broadening [31] at a gas temperature of 1000 K gives a full-width at half-maximum (FWHM) of ~0.04 nm, that the Doppler broadening for the same conditions has a FWHM of ~0.01 nm, while the monochromator has an instrumental broadening in the order of 0.005 nm. For an electron density of 10 21 m -3 and a gas temperature of 1000 K the GC model predicts a Stark width around 0.2 nm. We may therefore conclude that the main contribution to the line width originates from Stark broadening. However, for each experimental condition all other contributions were calculated using the T g -value as obtained by RyS; these were subtracted in order to determine the Stark width.

The measurements are carried out for each condition with the same detection branch as that used for the ACI and ALI method, and at the same position (1 mm behind the end of the tube). As in the case of ACI and ALI we do not get spatially resolved n e -values. The experimental uncertainties in the line-width determination can be estimated to be around 7%, what induces an error in the values of n e of about 13%. The uncertainties in the gas temperature (around 15%) induce an error in n e of 5%. The total error bars for n e obtained with the Stark width has an estimated relative value of 14%.

Results and discussion

As stated before, the diagnostic methods are applied on atmospheric surfatron plasmas, on the flame formed behind the end of the dielectric tube, at a distance of 1 mm of the tube exit. Three plasma settings were studied (table 1). In case A the plasma is generated by coupling 74 W to a pure argon flow. In case B and C we applied 88 W and 57 W respectively to an argon flow at which a small percentage of hydrogen (0.3 %) was admixed. By introducing hydrogen and reducing the power we intend to enhance the departure from equilibrium and to approach the conditions of cool atmospheric plasmas.

Radial profile of the flame

Thanks to the spatial resolution that is obtained with the laser techniques it is possible to obtain the diameter of the plasma flame and the radial profiles of the electron temperature T e , electron density n e and gas temperature T g . The diameter can directly be obtained from inspection of the iCCD images. As shown in figure 2 the iCCD camera collects spatial and spectral information. By using the known number of pixels per mm, it is possible to measure the flame-width directly from the pictures. For the pure argon condition (case A) the plasma has a diameter of 0.66 mm, for case B the plasma size drops to 0.44 mm, while for case C the diameter is 0.25 mm. So it is clear that the H 2 -introduction and power-reduction reduces the flame diameter making the influence of the environment more important. Figure 3 gives the radial profiles of n e , T e and T g for the three experimental conditions mentioned above.

-0,4 -0,2 0,0 0,2 0,4 0,0 5,0x10 20 1,0x10 21 1,5x10 21 2,0x10 21 2,5x10 21 3,0x10 21 The profiles of n e and T g have similar radial shapes; there is a maximum at the center while the intensity monotonically decreases approaching the plasma edge. On the other hand, T e shows more or less a flat profile in the central part, with an increase approaching the edges. Thus at the flame edge, where due to merging of the plasma with the cool molecular environment the electron density drops, the electron temperature increases.

The influence of molecules at the edge of the discharge can be studied more in-depth by introducing small amount of H 2 directly into the discharge. As can be seen from the figures 3 a-c this leads to radial profiles of n e and T e that are sharper, showing a stronger plasma contraction. Moreover, the change in plasma settings from A->B->C reduces internal values of n e while increasing T e . It is well documented in literature the important role played by dissociative recombination processes involving the molecular ion Ar 2 + on pure atmospheric argon discharges [32][33][34][35]. In this context, the reduction of n e is most likely due to the fact that the introduction of hydrogen opens new loss channels for dissociative recombination of molecular ions such as H 2 + , H 3 + , and ArH + [36][37][38] and that these extra recombination channels lead to a reduction of n e . Less obvious is the increase in T e , but this can be understood by realizing that an enhancement of the recombination has to be balanced with a higher ionization rate; this demands for an increase of T e . Thus, there is a strong similarity between the radial change of the plasma conditions approaching the plasma edge and the global change in internal plasma parameters by introducing molecules. In both cases the decrease in n e (enhanced recombination) is associated with an increase in T e (ionization rate increase). It is instructive to compare these results with those given in [39] where the opposite route was taken: the influence of molecules from the environment on the plasma is studied by bringing an argon microwave in pure was found that changing the environment from air to pure Ar increases the plasma size and the electron density whereas the electron temperature decreases. These trends, being opposite to what we found in the current study where extra molecules were added in stead of removed, support our findings that the introduction of small amounts of (H 2 ) molecules into an argon plasma, either by the edge or via the central flow, reduces n e and increases T e .

The radial profile of T g has a wider shape with a smoother decay with and without impurities. This indicates that the heavy particles carry energy beyond the discharge limits. With the presence of H 2 molecules the gas temperature drops. As shown by figure 3c the average values of T g drops from 1550 K for pure argon to around 1300 K in the argon-hydrogen mixtures. A possible explanation is that part of the kinetic energy of the heavy particles is stored in different rotational and vibrational levels. Another factor that plays a role is that the decrease of n e by introducing H 2 leads to a decrease of the interactions between electrons and heavy particles. This implies that less kinetic energy is transported from the electrons to heavy particles so that T g decreases.

Electron density results

The electron density has been measured with three different methods, Thomson scattering (TS), absolute continuum intensity (ACI) measurements and the Stark broadening of the H β line.

Figure 4 shows the density results for the three different diagnostics. The results of n e obtained from Stark broadening measurements and ACI are in good agreement with those obtained by TS. To perform the comparison with the averaged results of the passive methods, the radial profiles obtained with TS in section 4.1 were averaged over the flame cross section. Apparently the admixture of hydrogen does not change the agreement between the results obtained by passive and active spectroscopy. The agreement between TS and Stark broadening was already found in the past [5]. The agreement with ACI measurements proves that this method is also reliable for the n e -determination. However, the ACI measurements are sensitive to the values of the gas temperature, the electron temperature and the plasma size [24]. So, in order to obtain precise results the method requires good values of these parameters as well. 

Electron temperature results

The electron temperature has been measured with two methods namely TS and ALI. The ALI method is based on the bottom part of ASDF of argon [24]. By including the ASDF-top it is possible to obtain several "excitation temperatures" of the distribution. In figure 5, the argon ASDF is shown for the three experimental conditions. The first temperature, T 13 , is obtained from the population ratio of the ground state and the third group of excited levels, the 4p levels of argon. The second temperature, T spec , comes from the ASDF slope as formed by the population of 4p and higher states. As explained before, the value of electron temperature, T e , is obtained with the help of a collisional radiative model [24]. This transfers T 13 into T e taking the ionizing state of the Ar-system into account. For the three experimental conditions the values obtained of T 13 and T spec are around 0.7 eV and 0.45 eV respectively. The large differences between these values clearly show that the system is strongly ionizing and thus far from equilibrium [40]. We recall that absolute intensity measurements are needed to get T 13 (and thus T e ). The reason is that n 1 , the density of the ground state (level "1"), is not determined spectroscopically but in an absolute way via the gas law n 1 = p/kT g . This implies that n 3 (the density of the level 3) must also be known absolutely. The T spec can be determined by ratios since all the levels are radiative. Because this is much easier to do it is seductive to confine the temperature characterization to this method. However, as shown in this study, the value obtained differs substantially from the electron temperature.

Figure 6, gives the results of the electron temperature obtained with the two techniques. As in the case of section 4.2, the radial profiles obtained with TS are averaged over the plasma cross section in order to be compared with the results obtained by ALI. The figure shows that there is a good agreement between the T e -value obtained by TS and ALI as far as for the pure argon case (case A) concerns. The same agreement was found for the region close to the launcher of a low pressure surfatron [5]. These findings validate the ALI method for the diagnosis of the electron temperature on pure argon microwave plasmas at low and atmospheric pressure and shows that transformation T 13 -> T e as done by the collisional radiative model (CRM) is successful.

However, the introduction of H 2 leads to a discrepancy between the two methods. It is seen that TS indicates that T e rises, whereas the ALI method suggests that T e deceases when H 2 is introduced. In section 4.1 we found as explanation for the rise in T e (TS) that the introduction of hydrogen leads to enhanced recombination and that this demands for an increase of the ionization rate and thus an increase in T e . This reasoning supports the TS findings and suggests that the ALI method is not correct. The latter can be understood realizing that the T e (ALI) is obtained via T 13 and thus by the measurement of the density of the Ar(4p) population. It is likely that the introduction of H 2 changes the excitation in the argon system substantially. For instance the H 2 might lead to a quenching of the Ar(4p) levels by means of excitation transfer processes. This lowers T 13 and therefore T e . We recall that T e is deduced from T 13 by making use of a CRM. However this CRM is based on 2 mixtures. This explanation is supported figure 5 which shows that the population of 4p drops when hydrogen is introduced. Summarizing, we may state that the TS method, which directly probes the electron gas, gives reliable values of T e (and n e ) and is applicable for any gas mixture. However, in contrast to TS the ALI method is indirect; it derives the electron properties out of the ASDF by using a collisional radiative model. Since the CRM we used is built for a pure argon system, it is possible that it does not describe the argon ASDF in Ar/H 2 mixtures properly. 

Conclusions

In this paper, different diagnostic methods and techniques have been applied to study microwave plasmas generated at atmospheric pressure. The measurements have been taken on the plasma flame produced with a surfatron, using argon as the (main) carrier gas. Due to the introduction of small amounts of hydrogen and the reduction of the microwave power it was possible to approach conditions that are typical for Cool Atmospheric Plasmas (CAP).

Two laser active techniques have been applied, Thomson and Rayleigh scattering, and three passive methods namely Stark broadening and the absolute intensity measurements of the continuum (ACI) and line emission (ALI). These methods provide values of the most important plasma parameters: the electron density and temperature, and the gas temperature.

The laser techniques have the advantage of providing spatially resolved results, thus giving n e , T e and T g as a function of radial position. This opens the possibility to study the internal behavior of the discharge and the effect of the hydrogen impurities in detail. It is found that H 2 introduction leads to plasma contraction, enhances the departure from equilibrium and leads to conditions that are close to those found in cool atmospheric plasmas.

A disadvantage is that laser techniques experimentally demanding useful to perform passive and active spectroscopy quasi-simultaneously on the same plasma condition and position. By means of this poly-diagnostic calibration the validity region of the passive spectroscopic methods can be established so that future studies can eventually be based on passive methods only, for which a standard equipment for spectroscopic measurements and a calibration source suffices. When only passive methods are applied, it is expected that the changes in the spatial plasma structure as response to the introduction of molecules or power reduction can be obtained by analyzing pictures of the plasmas. This interesting topic is left for future studies.

The electron density has been measured under three different experimental conditions with three different methods, TS, Stark broadening, and ACI. A good agreement is found which proves that the passive method of ACI measurements is a suitable tool to measure n e in small atmospheric plasmas created on pure argon and also on argon-hydrogen mixtures. Nonetheless, the strong dependence of the ACI measurements on the gas temperature, electron temperature and plasma size implies that good approximations of these parameters are needed in order to obtain precise results.

For the case of electron temperature, the agreement found in the results obtained with TS and ALI on a pure argon plasma suggests that the ALI method provides a reliable option for the T e determination. However, when H 2 is introduced in order to approach the CAP conditions, we see that the agreement between ALI and TS no longer holds.
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 1 Figure 1. Schematic view of the setup showing the plasma source (atmospheric surfatron), the laser, and the detection branches for the active (TGS), and passive spectroscopy (DEMON).

  , one picture taken with the TGS covers much more than the flame diameter. This makes it possible to obtain the radial profiles of n e and T e in one go.

Figure 2

 2 Figure 2 gives an example of an iCCD image: in the vertical direction we find spatial information along the laser beam, while the horizontal direction of the iCCD gives spectral information for the corresponding spatial position. In the centre of figure we find the TS spectrum as created by the laser scattering on the plasma flame; below and above the TS signal we observe the Raman spectrum generated by the scattering on molecules of the air surrounding the plasma.
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 2 Figure 2. An iCCD image of the scattering of laser light on the plasma flame and the surrounding air. Spatial information is given in the vertical direction; spectral information in the horizontal direction. The vertical central band is the result of the filtering performed by the TGS.
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 3 Figure 3. Radial profiles of n e (a), T e (b) and T g (c), for the three experimental conditions described in table 1.

Figure 4 .

 4 Figure 4. Electron density results obtained by the three different methods, for the three experimental conditions described in table 1. The TS measurements (black squares) are obtained after averaging the radial profiles shown in figure3aover the plasma cross section.

Figure 5 .

 5 Figure 5. Argon ASDF obtained for the three experimental conditions described in table 1.

Figure 6 .

 6 Figure 6. Electron temperature results obtained by two different techniques, for the three experimental conditions described in table 1. The TS measurements (black squares) are obtained after averaging the radial profiles shown in figure3bover the plasma cross section.

Table 1 .

 1 Experimental settings studied

	Condition	Absorbed power (W)	Composition
	A	74	Pure Ar
	B	88	Ar + 0.3% H 2
	C	57	Ar + 0.3% H 2
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