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Abstract

:

Non-equilibrium conditions in plasma are often achieved by pulsed power delivery, where the pulse shape and repetition rate determine the properties of the plasma constituents and thus its chemical reactivity. The evaluation of the latter is becoming increasingly important to understand the observed effects, especially when new application fields are targeted. The composition of the plasma and the occurring chemical reactions can be calculated using various models. Thereby, the temperature of the electrons, the electron number density, as well as the heavy particle temperature are usually required as the basis of such calculations. In this work, the influence of pulse amplitude and repetition rate on these plasma parameters is determined by laser scattering for a low-current, high-voltage discharge operated with nitrogen at atmospheric pressure. In particular, the characteristic parameters regarding the plasma free electrons in such discharges have not yet been experimentally determined to this extent. The results are validated by spectroscopic measurements, i.e., the electron density is estimated from the Stark broadening of the hydrogen beta line and the heavy particle temperature is estimated by fitting the spectrum of nitrogen molecular transitions. Depending on the operating frequency, a pure nitrogen discharge with an input power of about 650 W displays an electron density between   1.7 ×  10 21     m   − 3     and   2.0 ×  10 21     m   − 3     with electron temperatures in the range of 40,000 K and heavy particle temperatures of about 6000 K in the core of the discharge channel. Furthermore, a relatively slow electron recombination rate in the range of 20 µs is observed.
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1. Introduction


Due to their chemical reactivity and the ability to be operated with low-cost molecular gases such as nitrogen or compressed air, non-equilibrium plasmas have a wide range of applications, both in industry and science [1,2,3]. The non-equilibrium conditions, i.e., an unequal energy distribution among the plasma constituents, are realized under atmospheric pressure by pulsed energy supply, often by a pulsed low-current high-voltage discharge [1,3,4,5]. Such plasmas are used to treat different materials before bonding, printing, or painting [6,7,8,9] and to deposit different layers [10,11,12,13]. The antibacterial properties of non-equilibrium plasmas are also used and intensively explored in food and medical industries [4,14,15,16,17]. In the environmental sector, such plasmas are used to neutralize industrial waste gases by selective removal of chemical compounds [18,19,20]. In addition, possible applications to increase efficiency in the production of synthetic fuels are being explored [21,22].



The energy distribution in a plasma and the associated energy transfer to the treated surface is important [23], as it can affect the treated surface by etching or thermal modification [9] or influence the efficiency of thin film deposition [10,11] or the antibacterial effects of a plasma [4,24,25]. As pointed out by Carton et al., who deposited and analysed acrylic acid thin films using a pulsed low-current high-voltage discharge [10], an increase in plasma temperature achieved by increasing the operating frequency can be compensated by faster lateral movement of the generator to achieve similar coating efficiencies. Nevertheless, the analysis of the deposited layers revealed different chemical properties when the frequency was varied, suggesting a temperature dependence of the plasma reactivity [10]. Pulpytel et al. reported similar effects and indicated that the steep axial temperature gradient plays an important role in the chemical composition of a coating [11]. The correlation between the plasma properties, i.e., chemical composition and characteristic temperatures, and the effects observed after a treatment become observable when considering different hydrodynamic models. Usually, a two-temperature model is assumed for a non-equilibrium plasma, where the kinetic energy of electrons is described by electron temperature   T e  , and consequently, the kinetic energy of heavy particles, i.e., ions, atoms, molecules, and neutrals, is described by the heavy particle temperature   T h  , assumed to be much lower than   T e   for such plasmas. Dorai and Kushner developed a detailed model for plasma modification of polypropylene, emphasizing the variety of reactions occurring in the plasma and the temperature dependence of the corresponding reaction rate coefficients [26]. The temperature dependence of the rate coefficients of N   2   and O   2   dissociation and ionization reactions governed mainly by the plasma’s free electrons was further explored in the work of Tanaka et al., who developed a hydrodynamic chemical non-equilibrium model of a pulsed discharge [27]. A chemical non-equilibrium is generally related to diffusive and convective transport processes as well as radiation [28] and is more pronounced the greater the separation between the electron and heavy particle temperature [29,30], which can be expected when the plasma interacts with other non-plasma media of higher mass density (for example, a treated surface) [31]. The model presented in [27] was further developed by Tanaka into a time-dependent two-temperature chemical non-equilibrium model. According to the author, several dissociation and ionization forward reactions are governed by a different temperature than the corresponding backward reactions when both thermal and chemical non-equilibriums are taken into account [32]. This, of course, increases the complexity and computational cost of such a model [31] but also indicates the need for experimental determination of plasma parameters for validation purposes. An even deeper analysis of the influence of different temperatures (especially of the nitrogen vibrational states) on the chemistry of plasma can be found in [33].



Based on an analysis of recent research trends [2,3], the need for comprehensive characterization of non-thermal plasmas is gaining importance as new application fields are targeted, particularly in the environmental and health domains. For example, in the recently popular research topic of plasma-activated water, due to the ability of such water to inactivate biofilm contamination in food, water, and medical applications [4,17,34,35], the plasma–water interface adds complexity to the analysis of the observed effects. The reactive species generated in the gaseous plasma dissolve in the water to form long-lasting aqueous species that enhance the antibacterial activity of such a plasma-treated water [4,24,36,37]. Thereafter, as reported by Machala and his co-workers, the concentration of the reactive species in water is determined not only by the concentration of species produced in the plasma but also by the solubility coefficients determining the transport into the aqueous medium [24]. Since the production rate of reactive nitrogen and oxygen species depends on the power consumed by a discharge [24,38], and thus on the electron density and temperature [35], a thorough plasma characterization is a key element for the overall understanding of the observed effects. Another recent application for which plasma characterization seems to be important is, for example, the conversion of CO   2   into synthetic fuels [22].



A low-current, high-voltage discharge operated with nitrogen at atmospheric pressure has been characterized by the authors of this paper by means of emission spectroscopy and laser scattering recently [39,40]. In this work, different pulse frequencies and pulse current amplitudes are investigated using laser scattering diagnostics and emission spectroscopy to assess their influence on the behavior of the characteristic plasma parameters, i.e., electron density (  n e  ), as well as electron (  T e  ) and heavy particle (  T h  ) temperatures. By synchronizing the scattering setup with the operating frequency of the plasma generator, information about the temporal progression of the characteristic values is obtained. Thereafter, the scattering results are compared with emission spectroscopy and data published for related discharge types.




2. Experimental Setup


As stated at the end of the previous section, the experimental setups used in this work are similar to those used previously in [39,40]. Thus, only a brief description of the setups is given in this work. A more detailed description can be found in these references.



2.1. Plasma System


Similarly to [39,40], a PG31 plasma generator and a PS2000 OEM power supply, both produced by Relyon Plasma GmbH, Regensburg, Germany, are used as test object. The PG31 generator has a positively biased, finger-shaped non-refractory inner electrode, and a copper alloy nozzle acting as cathode. In the experiments, a conical shaped nozzle of type A450 with an exit diameter of   4  mm   is used. Furthermore, the experiments are conducted for the generator operated with pure nitrogen at a flow rate of 35 L/min, regulated by a mass flow controller of type 8626 produced by Bürkert GmbH & Co. KG, Ingelfingen, Germany. The discharge is driven by unipolar, triangular current pulses with an amplitude variable between   0.7   and   1.0  A   and a repetition rate variable between   40  kHz   and   65  kHz   in   1  kHz   steps. The rise and fall times of the pulses are thereby fixed at   5   µs after steady-state operation is reached (usually after less than a tenth of a second). A detailed description of the system can be found in [13,40].




2.2. Laser Scattering


The laser scattering setup consisted of a Nd:YAG pulse laser of type Surelite SL II-10 made by Continuum, Santa Clara, CA, USA, which was coupled with a frequency doubler of type SSP-2, also produced by Continuum, and thus is operated at a central wavelength of   532  nm   [41]. To reduce the size of the setup, the laser beam is diverted by   180 ∘   with two hardfaced   50  mm   mirrors and focused onto the scattering volume using a planoconvex   500  mm   lens. To ensure the recording of the highest possible intensity of the scattered signal, the laser beam is polarized vertically and is perpendicular to the propagation direction of the scattered wave, while the scattering plane is chosen to be horizontal and also perpendicular to the beam polarization. Such “square” setups are recommended for plasmas with low electron densities [42] and most commonly used in experiments [43,44,45]. Thereafter, a Fastie–Ebert spectrograph with a focal length of   250  mm   is chosen for the detection apparatus of the setup. The spectrograph is coupled with an intensified camera of type 4 Picos from Stanford Computer Optics, Berkeley, CA, USA, which is positioned in the image plane of the spectrometer. The components thus selected allowed the plasma parameters to be measured without changing the setup or acquisition settings, reducing the potential risk of error. A detailed description of the setup can be found in [39]. To achieve a temporal resolution, the scattering setup was synchronized with the operating frequency of the discharge, with the triggering circuitry described in the next section.




2.3. Triggering Circuitry


The analysis of a pulsed process necessitates a temporal resolution. To achieve that, the plasma generator working in a frequency range between 40 and   65  kHz   has to be synchronized with a fixed laser pulse frequency of   10  Hz  . To synchronize both systems, the laser is operated in the so-called direct access triggering mode [46]. Hereby, the pumping flash lamps and the Q-switch are triggered by two separate TTL level signals, and the delay between both signals is controlled externally. The required signals are generated by a pulse-delay generator of type DG645 from Stanford Research Systems, Sunnyvale, CA, USA, in combination with an ancillary triggering circuit. The synchronization is based on the process voltage, which is tapped before the plasma generator.



The triggering circuit can be divided into several stages, as depicted in Figure 1. Firstly, in order to protect the electronic components and the following equipment from interference caused by the ignition pulse of the plasma torch, the circuitry is disconnected from the power supply network with a high-voltage relay. After ignition, the relay is manually closed. The supply voltage is then divided by a resistive voltage divider, filtered and preconditioned to obtain a signal amplitude suitable for TTL logic level components. The down-scaled voltage is compared with an adjustable threshold to create TTL pulses. Thereafter, the delay time between exceeding of the threshold value and the output logic pulse can be adjusted, so that the complete period between two pulses can be sampled steplessly.



The output of the TTL logic module is used as an external trigger input of a pulse-delay generator, which runs in advanced triggering mode. In this mode, a hold-off value specifies a minimum time allowed between successive triggers, and consequently, the fixed frequency of   10  Hz   required for the laser is achieved. The DG645 thus provides an output signal for the laser pumping flash lamps and a preliminary Q-switch signal, as the rising edges of the flash lamps signal and the Q-switch signal should be within about   180   µs of each other [46]. Considering this time difference and the operating frequency of the plasma system, the Q-switch signal needs to be synchronized again with the process to obtain the desired temporal resolution. Consequently, the preliminary Q-switch signal is thus logically conjugated via an AND-gatter with the input signal of the pulse-delay generator. Finally, the conjugated signal triggers the laser’s Q-switch and is also used to trigger the MCP of the ICCD camera. With the triggering setup described above, the laser pulse is synchronized with the operating frequency of the plasma generator and the plasma parameters can be estimated at any point of the current waveform.




2.4. Emission Spectroscopy


The spectroscopic setup is based on a Czerny-Turner spectrograph of type THR1000 made by Jobin-Yvon (now Horiba), Oberursel, Germany, with a focal length of   1000  mm   and a diffraction grating of 1200 L/mm. The horizontally placed effluent plasma jet is projected through a   100  mm   planoconvex fused silica lens onto the vertically oriented entrance slit. Similar to the scattering setup, the same intensified camera of type 4 Picos is used as a detector placed in the imaging plane of the spectrograph. In this work, the camera is triggered at peak current by the circuit described in the section above (exactly by the “out A” output of the pulse-delay generator). The electron density   n e   is estimated from the linear Stark effect after recording the hydrogen beta line at   486.13  nm  . The following equation, given in [47], is used for the estimation:


  FWHA   [ nm ]  = 1.666      n e    [  m  − 3   ]    10 23     0.68777    .  



(1)







The heavy particle temperature, on the other hand, is determined by fitting the synthetic spectra to the measured spectra of the    C 3   Π u  →  B 3   Π g    transition for the excited nitrogen molecule and of the    B 2   Σ u +  →  X 2   Σ g +    transition for the ionized nitrogen molecule. For more details on the spectroscopic setup and data evaluation, it should be referred to [40].





3. Results


According to the initial scattering results presented in [39], the radial distribution of the estimated electron parameters (  n e  ,   T e  ) does not change significantly within the analyzed radial range (  ± 0.7  mm   from plasma jet axis), so that an average value of   n e   and   T e   from this range is calculated for each measurement for the sake of clarity. The   T h   value is also averaged; however, only values within the plateau around the jet axis (see Figure 4 in [39] for further details) are used for the calculation. Thereafter, at least three scattering measurements are performed for each set of parameters. Hence, the values    n ¯  e  ,    T ¯  e   and    T ¯  h   compared in the following of this section represent an average of all measurements taken at a particular parameter set. Similarly to this, the spectroscopic results also represent an average of at least three measurements for each axial position and parameter set.



3.1. Spatial Distribution of the Plasma Parameters


The average values of    n ¯  e  ,    T ¯  e   and    T ¯  h   are presented in Figure 2 for different axial distances d from the nozzle outlet. Thereby, the values estimated for the discharge pulsed at a frequency of   60  kHz   are presented on the left-hand side of Figure 2, whereas the values determined for   43  kHz   are shown on the right-hand side. Additionally, the spectroscopic results for both frequencies are also presented in Figure 2. In both cases, the experimental setups are triggered at the peak current (see Figure 3) with the current amplitude set to ∼  1  A   (i.e., a power setting of   100 %  ).



According to the results, a higher electron density of   2.0 ×  10 21    m  − 3     is obtained for the lower operating frequency of   43  kHz   at a distance of   1  mm  . At the same distance, a slightly lower mean density of   1.7 ×  10 21    m  − 3     is reached for the higher frequency of   60  kHz  . The difference is, however, present only in the immediate vicinity of the nozzle exit. The electron densities estimated for   2  mm   and   3  mm   are only marginally higher for the slower pulsed process and, similar to the data points further downstream, can be assumed to be constant at about   1.5 ×  10 21    m  − 3     when the standard deviation is taken into account. In contrast, the spectroscopically estimated electron number densities increase insignificantly in the axial direction up to about   3  mm   downstream from nozzle exit when operating at   60  kHz  . However, after consideration of the measurement error, the density can be assumed to be constant at   0.52 ×  10 21    m  − 3     for distances   d < 3  mm  . Thereafter, the values decrease for larger distances from nozzle outlet. The axial distribution of   n e   determined for the lower working frequency of   43  kHz  , presented on the right-hand side in Figure 2, displays a similar character as for   60  kHz   with maximal values measured at a distance of   2  mm  . After consideration of the measurement error, an almost twice as high mean electron density of   0.95 ×  10 21    m  − 3     is obtained in the analyzed distance range for the lower pulse repetition rate.



The progression of the axial distribution of the electron temperature in the downstream direction is somewhat different. The values decrease for both frequencies at a rate of approx. 10%/mm up to a distance of   3  mm  . Throughout this distance range, the electron temperatures estimated for the lower operating frequency are about 15% higher than for   60  kHz  . Thereafter,    T ¯  e   reaches about 43,000 K in both cases and can be assumed to be constant up to   7  mm   for the higher frequency.



The temperature of heavy particles, on the contrary, is higher for the higher working frequency over the entire range of distance studied. It should be also noted that the    T ¯  h   values vary only insignificantly around   5900  K   up to   5  mm   for the higher and around   5200  K   up to   3  mm   for the lower frequency. The values start to decrease slowly from there on in both analyzed cases. As can be seen in the last row of Figure 2, the temperatures of heavy particles obtained by synthetic spectra fitting are almost identical to those estimated by laser scattering for the higher frequency. In the other case studied, the spectroscopically estimated temperatures are higher than the scattering estimates, but the absolute values are lower than the values determined for   60  kHz  .



To assess the temperature of heavy particles at larger downstream distances, further measurements are undertaken for the discharge pulsed at   60  kHz  . A full spatial distribution of   T h   up to a distance of   17  mm   from nozzle outlet is shown in Figure 4. The distribution can be roughly divided into two zones: a   8  mm   long inner finger-shaped zone with a diameter of about   0.5  mm   and an almost constant core temperature of   5900  K   up to   5  mm   and a   12  mm   long,   1  mm   in diameter zone with a temperature around   3000  K  . For further distances, the temperature value drops to   1000  K  .




3.2. Temporal Evolution of the Plasma Parameters


The circuitry described in Section 2.3 allows triggering the laser scattering setup at different points of time of a current pulse. By doing so, the temporal evolution of the plasma parameters is assessed. The parameters are examined at four trigger timeframes stretching across a current pulse, as depicted in the upper left diagram in Figure 3. No exact trigger time points can be defined, since the plasma system operates without a control loop, which implies fluctuations in plasma and thus in the tapped electrical signals. Accordingly, the width of the timeframes in Figure 3 illustrates approximately the small jitter of the trigger time point.



The temporal distribution is analyzed for both operating frequencies at an axial distance of   1  mm   from nozzle exit and a pulse current amplitude of ∼  1  A  . Similarly to the analysis of the axial distribution in the previous section, the results presented in Figure 3 are averages calculated from the full radial range of several measurements.



For a pulse frequency of   60  kHz  , the amplitudes of the plasma parameters follow the current trajectory, i.e., the maximum value of   1.7 ×  10 21    m  − 3     is reached for the peak current timeframe   I  p e a k   . From there, the electron density follows the current trajectory with an almost linear decrease from the current peak towards the rising edge of the next current pulse. Here, an almost   24 %   reduction is observed compared to the maximal    n ¯  e   value. A similar behavior is observed for the mean electron temperature    T ¯  e   at   60  kHz  , although the values remain unchanged at the current minimum (  I  v a l l e y   ) after an initial reduction of   5 %   for the falling edge. Again, the lowest mean temperature, which is about   15 %   lower than at   I  p e a k   , is estimated for the rising current edge. Looking at the mean heavy particle temperature    T ¯  h  , an almost linear decrease is observed from   I  p e a k    towards the current minimum, where the temperature is reduced by about   15 %  . The lowest temperature of approx.   4800  K   is estimated for the rising edge of the following current edge, giving a reduction of   18 %   when compared to the highest value at   I  p e a k   .



The behavior of the plasma parameters estimated for the lower operating frequency of   43  kHz   does not correlate so well with the current trace as before. According to the results in Figure 3, only the mean electron number density follows the current progression with a maximal value of   2.0 ×  10 21    m  − 3     reached at the current peak when the process is pulsed with   43  kHz  . Thereafter, the electron density decreases about   10 %   while the current is falling towards the minimal current value   I  v a l l e y   . The    n ¯  e   values recorded for the rising edge are almost identical to those estimated for   I  v a l l e y    and almost   15 %   lower than for peak current. The mean electron temperature on the other hand behaves differently with the highest value of 53,000 K registered for the rising edge of the current pulse, about   10 %   higher than for peak current. The temperature decreases by a further   10 %   for the remaining two timeframes. In addition, the    T ¯  h   values progress differently than at   60  kHz  . The highest heavy particle temperature of almost   5900  K   registered for the falling current edge, over   10 %   higher than at   I  p e a k   . A   5 %   lower temperature is recorded for the current minimum   I  v a l l e y    when compared to the value estimated for   I  p e a k    and does not change while the current is rising, showing somewhat similar behavior to    n ¯  e   for these two timeframes.




3.3. Influence of the Amplitude of the Excitation Pulses


Apart from the frequency, the power supply allows for an adjustment of the output amplitude of the current pulses. Thus, an attempt is made to evaluate the distribution of the plasma parameters for different pulse amplitudes as well. More precisely, two power settings,   85 %   and   100 %  , are compared, which correlate to current amplitudes of ∼  0.85  A   and ∼  1.0  A  , respectively. The trigger timeframe is set to   I  p e a k    and the distance from the nozzle to   1  mm  . As before, the results compiled in Figure 5 represent averages of at least three measurements calculated according to the description at the beginning of this section.



By reducing the pulse amplitude from   100 %   to   85 %   the mean electron number density decreases regardless the operating frequency, although a much more significant reduction of over   20 %   is observed when the discharge current is pulsed with   60  kHz  . The reduction of    n ¯  e   for the lower operating frequency is in the range of about   10 %  . Interestingly, contrary to    n ¯  e  , no change in mean electron temperature is observed when the amplitude is changed at   60  kHz  , while it decreases by about   20 %   when operating at   43  kHz  . In addition, a change in the current amplitude at the output of the power source entails a reduction in the average temperatures of heavy particles, almost   10 %   for a working frequency of   60  kHz   and   14 %   for a frequency of   43  kHz  . Moreover, it should be noted that the estimated    T ¯  h   values are higher when operating at   60  kHz   for both power settings.





4. Discussion


The characteristic parameters of the free electrons in pulsed low-current high-voltage discharges have not yet been determined experimentally to this extent in previously published works. Therefore, the results obtained with the laser scattering technique are firstly compared with estimates based on spectroscopic measurements. Variations in plasma parameters due to changes in pulse amplitude or repetition rate are discussed thereafter.



4.1. Validity of Results


The results achieved with laser scattering are considered to be plausible, according to the comparison with previously published works given in [39]. Furthermore, the results of laser scattering and emission spectroscopy can be considered to be in good agreement, although discrepancies are observed in absolute values between the two diagnostic techniques. The values are of the same order of magnitude and show similar trends for both electron number density and temperature of heavy particles. With both diagnostic methods, higher    n ¯  e   and lower    T ¯  h   values are obtained for the lower operating frequency of   43  kHz  . The differences in the electron densities determined by the scattering experiment between the two frequencies studied are much more subtle than those estimated by means of spectroscopy. Furthermore, the spectroscopically determined number densities are only half or even only a third as large as the corresponding values determined by laser scattering (compared to each other at the same frequency).



The discrepancy between the   n e   values might be related to the evaluation methodology of the Stark broadening, as indicated in [48]. According to [40], the Stark effect can be approximated with two limiting cases, the linear and the quadratic case. The approximation formula given in [47], used by most authors [48,49,50] and also used in this work, is derived for the linear case, in which the line broadening is proportional to ∼  n e  2 / 3    [51]. Such a linear method assumes a non-spherically symmetric distribution of electrons within an atom, i.e., that the emitting atom already displays a dipole moment, and that the free electrons act collectively. In contrast, the quadratic Stark effect assumes a sequence of two consecutive interactions between the atom and the free plasma electrons. The first interaction “deforms” an initially spherical symmetric atom inducing a short-lived dipole moment, while the second interaction with another free electron is responsible for the eventual emission of radiation by the atom. As a consequence, the line broadening is directly proportional (in a good first approximation) to ∼  n e   [51]. However, if the effects occurring in the analyzed plasma correspond to an intermediate situation between both limiting approximations, for example, due to the complicated ionization process of nitrogen plasmas in non-equilibrium, then the estimation of   n e   is more complex, and the values cannot be calculated directly with the approximation formula corresponding to the linear case. This may be the reason for the difference between the   n e   values determined spectroscopically and by the scattering experiment. However, the observed discrepancy may also be caused by a different effect. To estimate the electron density, a commercially available canister of a nitrogen mixture with a small addition of hydrogen (1 vol.%) is used as the plasma gas. Although the gas is already premixed, segregation effects of the gas components can occur in a plasma, as reported, for example, in [52,53]. The transient nature of a pulsed discharge, where the energy pulses lead to the creation of pressure waves [5,54], can amplify the demixing effect. Thus, the hydrogen may not be homogeneously distributed in the measurement volume, leading to the observed differences between the two diagnostic methods. Nonetheless, as mentioned above, the values shown in Figure 2 are of the same order of magnitude and, more importantly, show the same trends, which appears to be a sufficient validation of the laser scattering results in combination with temperatures determined from molecular transitions.




4.2. Temporal Evolution of the Estimated Plasma Parameters


The scattering results show that slightly lower   T h   values are observed when either the frequency or the power setting is reduced (see Figure 2 and Figure 5). According to theoretical models of Lu [55] as well as Naidis [56], the gas temperature in pulsed discharges is associated with the dissipated power rather than the separate behavior of voltage or current. Naidis, who modeled nanosecond pulsed spark discharges in air, discussed two case studies in [56] and observed no significant difference in the heavy particle temperature. In the first case, the discharge was pulsed at a frequency of   30  kHz  . In the second case, the frequency was reduced to   15  kHz  , but the pulse duration was doubled so that the input power was similar in both cases. Assuming that the power supply delivers a nearly equal electric charge and thus also a similar energy amount into the system with each single current pulse, then a higher power is dissipated in the plasma generator with increased frequency, since, with a faster repetition of similar pulses, the power transferred to the discharge increases (under the above assumption). Such an increase for higher pulse repetition rates is measured at the exit of the power supply. Although a slower response of   T h   to steeper current slopes can be observed in the temporal distribution of the mean plasma parameters (see Figure 3), this does not have a significant effect on the mean temperature. Thereafter, the above statement that the heavy particle temperature depends mainly on the dissipated power can be confirmed experimentally for the analyzed system.



The effect of a delayed response of heavy particles to input power changes (particularly visible for   43  kHz   in Figure 3) was observed by several research groups. An increase in the heavy particle temperature of a gliding arc discharge was observed by Gutsol et al. while the current and power decreased at the same time [57]. A possible explanation for this “memory effect”, as called by Gutsol et al., is provided by Janda et al. [58]. According to their observations, the effect is connected with the exchange of rotational and vibrational energy of molecular species leading to additional heating of heavy particles. Furthermore, taking into consideration that recombination reactions in nitrogen plasmas can occur on timescales of hundreds of microseconds or even milliseconds [5,59,60], this energy exchange can lead to a possible accumulation of various charged species in the discharge channel if the discharge is operated at sufficiently high frequencies (as is the case in this work). This can lead to the appearance of a space charge field that has to be first overcome by the external electric field of the next pulse [58]. Similar considerations on the influence of the heavy particle temperature and gas flow on the discharge behavior can be found in [61,62,63]. According to the above discussion, the effect observed in Figure 3, the fact that a higher gas temperature is measured even though the current is already decreasing is attributed to such a “memory effect”.



The parameters estimated in this work for the plasma free electrons are relatively insensitive to fast changes of the discharge current (see Figure 3 and Figure 5). According to a theoretical model of a low-current DC discharge developed by Benilov and Naidis [64], a reduction in electron density by about one order of magnitude can be expected when the current value decreases from amperes to milliamperes (see upper left plot in Figure 3). This reduction is attributed by the authors to a change in the ionization rate. Hence, for lower current values, for which non-LTE conditions are assumed, higher values of the reduced electric field are expected, and thus the ionization rate of neutral particles is mainly controlled by the electron impact. For higher currents, for which LTE conditions are assumed by the authors, lower   E / n   and higher   T h   values are expected; hence, the excitation process leading to ionization is reported to be controlled instead by associative ionization of metastable states [64]. A comparable statement can be found in the works of Akishev et al., who reported that the excitation and de-excitation rates of nitrogen electronic states change with increasing temperature of heavy particles [65,66]. While the excitation of the ground state    X 1   Σ g +    is mainly governed by electron impact, the excitation of metastables such as    A 3   Σ u +    to higher energy states as well as most de-excitation reactions are caused by collisions with other heavy particles. Thus, according to Akishev et al., for low   E / n   values the resulting free electrons are predominantly provided by associative ionization of following states:


      N 2    A 3   Σ u +   +  N 2    a  ′ 1    Σ u −       →  N 4 +  +  q e   ,        N 2    a  ′ 1    Σ u −   +  N 2    a  ′ 1    Σ u −       →  N 4 +   ( X )  +  q e   ,     








although both initial states,    A 3   Σ u +    and    a  ′ 1    Σ u −   , have been mutually formed by collisions with electrons.



Naidis developed further the mathematical models presented in [64] and performed calculations for nanosecond repetitively pulsed sparks operated in air [56]. The initial pulse conditions were adopted from experiments with a voltage amplitude of   5  kV  , a pulse length of   5  ns   and repetition rate of   30  kHz  . According to the simulated results, the number density decreases after a pulse due to electron–ion recombination with a characteristic time constant of approximately   30   µs. Electron recombination times in a similar range of about   10   µs are also reported by Kruger et al. [67]. A slow recombination rate of electrons is furthermore observed by Orrière et al. while investigating a nanosecond pulsed microgap discharge operated in air at a frequency of   8  kHz   [68]. Similarly to others, the researchers postulated that the slower-than-expected recombination rate may originate from a combination of associative and stepwise ionization processes during the recombination phase. Moreover, they suggest that a high density of excited nitrogen atoms may also play a significant role in slowing down the recombination of free electrons [68].



The correlation of the above discussion with the experimental results obtained in this work suggests that the excitation and de-excitation processes of heavy particles may be responsible not only for the “memory effect” but also for the relatively slow decay of electron parameters observed here (especially since the plasma generator operates at pulse repetition rates comparable to those of electron recombination). Hence, when the current is rising, the excitation and dissociation of nitrogen molecules is mainly caused by electron collisions. Both electron density and electron temperature increase with increasing current and energy is transferred to heavy particles. After a pulse, the reduction in the electron density does not immediately follow the current trajectory due to complex de-excitation reactions, which slow down the recombination rate of free plasma electrons. This maintains a relative high electron density and may lead to the formation of further electrons, even during a phase of low current.



The above hypothesis may also explain the difference in the electron parameters observed for both frequencies. As shown in Figure 2, a higher electron density and higher electron temperature are measured for the lower operating frequency of   43  kHz  . At this frequency, however, a lower power is coupled into the generator, as discussed above. Furthermore, nitrogen is a plasma gas whose recombination displays a somewhat slower rate due to de-excitation channels consisting of several steps. The resulting recombination time scale at atmospheric pressure thus happens to be in the same order of magnitude as the considered pulse repetition period (∼  23   µs for   43  kHz   and ∼  17   µs for   60  kHz  ). If a recombination time of ∼  20   µs is assumed, a slight change in the repetition rate of the pulsed excitation can strongly influence the ionization degree. Accordingly, if the repetition period is shorter than the recombination time scale, each current pulse excitation encounters a plasma channel, which is not yet fully neutralized and whose still-charged ions may strongly disturb and hinder the acceleration of the free electrons, making any collision less efficient for an eventual ionization. As a result, the higher repetition rate of   60  kHz   leads to a plasma with a lower ionization than in the case of the   43  kHz   pulse repetition rate.





5. Conclusions


The main objective of this work has been to experimentally determine the influence of different operating conditions, i.e., pulse frequencies and pulse current amplitudes, on the relevant plasma parameters, in particular the electron number density and the electron temperature of a pulsed low-current, high-voltage discharge operated at atmospheric pressure. No information on these values could be found in published works so far. According to these results, depending on the operating frequency, an electron density between   1.7 ×  10 21    m  − 3     and   2.0 ×  10 21    m  − 3     with electron temperatures in the range of 40,000   K   can be expected for a pure nitrogen discharge operated at atmospheric pressure. A heavy particle temperature of about   6000  K   is reached in the core of the discharge channel, with the values decreasing further downstream on the axis of the effluent plasma jet from   4000  K   to   2000  K   at typical treatment distances of 10–  15  mm   from the nozzle outlet. Due to the complex nature of the de-excitation processes of nitrogen, relatively slow electron recombination rates are observed, and thus the once ionized channel does not extinguish between consecutive pulses at the considered pulse frequencies of   43  kHz   and   60  kHz   but rather undergoes a transition from a glow discharge to a spark with each current pulse. The observed influence of the temporal changes of the excitation current on the estimated plasma parameters is slightly less than   20 %  . Based on the obtained findings, the hypothesis that the temperature of heavy particles is determined by dissipated power, while the electron parameters, and therefore, to some extent, the chemical reactivity of the plasma, are defined by the shape of the excitation pulse could be confirmed for this type of discharge. Furthermore, a coupling of the pulse shape and frequency with the resulting plasma properties is now possible.



In conclusion, the results obtained in this work contribute significantly to the understanding of pulsed low-current discharges operated at atmospheric pressure. The presented results facilitate the development and validation of a computational model, which can be based on one of the existing works [26,30,32] and may provide a more accurate chemical description of the plasma composition. With this knowledge, such discharges can be better adapted to specific applications in industrial or experimental environments, such as chemical vapor deposition, the plasma-activation of liquids, CO   2   reforming, or, in general, applications with more stringent plasma chemistry requirements.
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Figure 1. Simplified schematic of the triggering setup used for laser scattering. 
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Figure 2. Mean electron density   (   n ¯  e  )   and particle temperatures   (   T ¯  e   ,     T ¯  h   )    estimated with laser scattering and emission spectroscopy for different axial distances d downstream from nozzle outlet and different working frequencies at a power setting of   100 %  . 
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Figure 3. Temporal distribution of the mean plasma parameters for both considered frequencies of   60  kHz   and   43  kHz   at a power setting of   100 %   and axial distance   d = 1  mm  . The upper left diagram shows a typical current trace and the timeframes at which the scattering setup was triggered in relation to a current pulse. 
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Figure 4. Spatial distribution of the heavy particle temperature estimated based on Rayleigh scattering for a pulse frequency of   60  kHz   and power setting of   100 %   (corresponding to a current amplitude of ∼  1  A  ). 
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Figure 5. Mean plasma parameters estimated for different power settings at an axial distance of   1  mm   from nozzle exit while the scattering setup is triggered at   I  p e a k   . A power setting of   100 %   corresponds to a current amplitude of ∼  1.0  A  . 
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